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The story of science is often told as a series of eureka moments. 
But the truth is that influence, passion and sheer blind chance 
have played equally significant parts. 
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Abstract 


The development of multifunctional nanomaterials has proven to be beneficial 
for many applications. Nanoparticles in particular have been intensively 
investigated, which resulted in large advances in particle synthesis and control 
of their properties. From a biomedical point of view, iron oxide nanoparticles 
are especially valuable thanks to their biocompatibility and low toxicity. Their 
magnetic properties are already applied in medical imaging, hyperthermia for 
cancer therapy and advanced drug delivery techniques. 


In this dissertation we present the development of multifunctional iron oxide 
nanoparticles that can be used for the magnetic isolation of bacteria from an 
aqueous solution, as a pre-concentration technique. 


The synthesis and characterization of the core nanoparticle is described in the 
first part of this work. An enhanced method of surface functionalization was 
developed, that enabled us to efficiently coat the particles with multiple different 
ligands. We applied a covalent surface modification method to improve the 
robustness and long-term stability and storage of the material. The influence 
of the different ligands on the colloidal stability was investigated, providing a 
solid base for further development. 


In order to provide sufficient colloidal stability to the nanoparticles, a new 
ligand was designed and synthesized. By modifying a poly(ethylene glycol) 
chain with two different functional groups, a new heterobifunctional ligand 
was produced. Thanks to the presence of the water soluble backbone, the 
functionalized nanoparticles showed excellent stability in various complex 
environments. Moreover, we covalently coupled antibodies to these particles and 
confirmed that their activity was retained, which is crucial for their applicability. 
The synthesis protocol to form these bioconjugated nanoparticles is described 
in the second part of this work. 


Legionella pneumophila bacteria were chosen as the model target for magnetic 
isolation experiments. These bacteria are known to cause various diseases, 
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including severe types of pneumonia. Consequently their detection is mandatory 
by law in all public water systems. We investigated by flow cytometry 
measurements, whether or not the bioconjugated nanoparticles are capable 
of isolating these bacteria from an aqueous solution. The results indicated that 
the developed nanoparticles can very efficiently isolate these targeted organisms. 
Furthermore, we were able to capture L. pneumophila from a mixture of bacteria, 
which underlines the potential and robustness of the proposed methodology. 


The results showed that the new heterobifunctional ligand can efficiently stabilize 
nanoparticles and allows for subsequent modification with antibodies. We 
developed a nanoparticle platform for highly efficient magnetic isolation of 
bacteria in complex environments. By choosing the correct antibodies, a wide 
range of proteins or organisms can be targeted. This makes the methodology 
highly valuable for monitoring water quality or for magnetic purifications in 
complex media. 


Beknopte samenvatting 


De ontwikkeling van multifunctionele nanomaterialen is voordelig gebleken voor 
vele toepassingen. Nanopartikels in het bijzonder zijn intensief onderzocht, wat 
geleid heeft tot grote vooruitgang in de productie van partikels en controle 
over hun eigenschappen. Vanuit een biomedisch standpunt zijn ijzeroxide 
nanopartikels bijzonder waardevol dankzij hun biocompatibiliteit en lage 
toxiciteit. Hun magnetische eigenschappen worden al benut in medische 
beeldvorming, hyperthermie voor kankertherapie en geavanceerde afgifte van 
geneesmiddelen. 


In dit proefschrift presenteren we de ontwikkeling van een multifunctioneel 
ijzeroxide nanopartikel dat kan gebruikt worden voor de magnetische scheiding 
van bacterién uit een waterige oplossing, als een preconcentratie techniek. 


De aanmaak en karakterisatie van de nanopartikels is beschreven in het eerste 
deel van dit werk. We ontwikkelden een verbeterde oppervlaktefunctionalisatie 
methode die het mogelijk maakte om de partikels efficiént te coaten met 
verschillende liganden. Dankzij het gebruik van een covalente oppervlaktemodi- 
ficatie werd de robuustheid en stabiliteit op lange termijn van het materiaal 
verbeterd. De invloed van de verschillende liganden op de colloidale stabiliteit 
werd onderzocht, wat een solide basis vormde voor verdere ontwikkelingen. 


Om de nanopartikels voldoende colloidale stabiliteit te bieden, werd een 
nieuwe ligand ontworpen en aangemaakt. Door het modificeren van een 
poly(ethyleenglycol)-keten met twee verschillende functionele groepen werd 
een nieuwe heterobifunctionele ligand gevormd. Dankzij de aanwezigheid 
van de wateroplosbare keten werd de stabiliteit van de gefunctionaliseerde 
nanopartikels in complexe omgevingen sterk verbeterd. Daarenboven koppelden 
we antilichamen via een covalente binding aan de partikels en werd hun activiteit 
gecontroleerd, wat cruciaal is voor hun verdere toepasbaarheid. Het protocol 
voor de aanmaak van deze biogeconjugeerde nanopartikels wordt beschreven in 
het tweede deel van dit werk. 
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Legionella pneumophila bacterién werden als modelorganismen gekozen voor de 
magnetische isolatie experimenten. Deze bacterién zijn gekende veroorzakers 
van verschillende ziektes, inclusief gevaarlijke vormen van longonstekingen. 
Bijgevolg is hun detectie wettelijk verplicht in alle publieke watersystemen. 
We onderzochten met behulp van flowcytometrie of de biogeconjugeerde 
nanopartikels al dan niet in staat zijn om deze bacterién aan te trekken uit een 
waterige oplossing. De resultaten gaven aan dat de ontwikkelde nanopartikels 
zeer efficiént deze organismen kunnen isoleren. Daarenboven werd Legionella 
pneumophila ook geisoleerd uit een mengsel van bacterién, wat het potentieel 
van de ontwikkelde methodologie onderlijnt. 


De resultaten toonden aan dat de nieuwe heterobifunctionele ligand na- 
nopartikels efficiént kan stabiliseren en dat een verdere modificatie met 
antilichamen mogelijk is. We ontwikkelden een nanopartikelplatform voor 
een zeer efficiénte scheiding van bacterién uit een complexe omgeving. Door het 
zorgvuldig selecteren van antilichamen, kan een breed spectrum aan proteines 
of micro-organismen als doelwit gekozen worden. Dit maak de methodologie 
zeer waardevol voor de controle van de waterkwaliteit of voor magnetische 
opzuiveringen uit complexe media. 
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Chapter 1 


General introduction to 
bioconjugated nanoparticles 


The continuous quest in materials development has gained momentum in the past 
decades thanks to the introduction of nanomaterials. This new field of research 
lies on the boundary between the scale of atomic or quantum phenomena and 
bulk materials. As a result of significant investments during the past decade and 
a broad commercial applicability, the field of nanotechnology has matured to 
the point of showing significant potential to improve efficiencies and accelerate 
progress in biomedical, manufacturing, space and energy applications. 


To be categorised as a nanomaterial, at least one dimension of the material 
should be in the 1-100 nanometer (nm) range, while its shape can be planar, 
rod-like or spherical. At this scale, the properties of the material often differ 
from its bulk characteristics. Multiple properties are known to change with 
the size of the object, such as the melting point, conductivity, magnetism and 
optical properties.2? Figure 1.1 compares the size of nanomaterials (yellow 
region) with common other objects. 


The first uses of nanotechnology were surprisingly not in recent ages, but date 
back to the 4th century and the Roman Empire. At that point, nanoparticles 
(NP) were (unknowingly) added to materials to alter their appearance under 
different lighting conditions.*+ During the past decades a whole new range of 
nanomaterials have been developed, going from carbon nanotubes, nanorods 
and nanoparticles with different morphologies, fullerenes and graphene to 
complex DNA-scaffolds.° ® Moreover, multiple techniques have been invented 
that enable researchers to modify a material on the nanoscale, such as atomic 
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Figure 1.1: One dimension of a nanomaterial should be in the 1-100 nm range. As a 
comparison, other typical sizes of everyday objects and organisms are shown. 


layer deposition, contact printing, photolithography or etching.? 4 


In this dissertation, the focus lies on the development of a multifunctional 
nanoparticle, based on a superparamagnetic iron oxide (magnetite) core, with 
custom-designed ligands and proteins for specific magnetic separation of targeted 
bacteria or proteins. This type of nanomaterial is considered to be a prime 
candidate for future applications in biomedical imaging or drug delivery. A 
model nanoparticle-based system for the magnetic separation and quantification 
of aqueous pathogens was designed and tested thoroughly for its efficiency and 
reproducibility. The system described here will provide a generic platform, that 
combines multiple highly valued properties like magnetism, colloidal stability in 
complex environments and target specificity. 


The following sections will first give a broad overview of different important 
properties of superparamagnetic NP as well as possible synthetic routes and 
functionalization approaches. Secondly, the biomedical and biological aspects 
of the research will be situated to provide sufficient background for the reader. 
To finish the introduction, the research goals and scope of this dissertation will 
be described. 


1.1. Magnetic nanoparticles 


A large variety of NP with magnetic properties have been described in scientific 
literature, but they all have atoms with a large magnetic moment incorporated in 
their crystal structure. Magnetic NP with different compositions and phases have 
been produced, such as iron oxides (Fe3O.4, 7-Fe203), spinel-type ferromagnets 
(MnFe204, MgFe204), pure metals (Fe, Co) and alloys (FePt).!?-1° Even though 
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all of these NP have interesting characteristics, including large saturation 
magnetization, coercivity or biocompatibility, only iron oxides will be discussed 
in this dissertation. Particularly Fe304 (magnetite) is a promising candidate 
for biomedical and biological research applications. This type of NP can be 
produced at a very large scale with a well-defined size and shape, has excellent 
magnetic properties and shows only minor toxicity.1> !” 


1.1.1 General introduction to magnetism 


The phenomenon of magnetism is electronic in nature, since it is related to 
the orbital motion of electric charges. The applied magnetic field strength (see 
equation 1.1) is represented by H, while the magnetic moment (per volume) is 
noted as M, also known as the magnetization. The parameter that links the 
applied field and the induced moment, is the volume magnetic susceptibility 
(x), which is a measure for how effectively a field induces a magnetic dipole in 
a material per unit volume.!® 


M=yH (1.1) 


The sign and size of the susceptibility () can be used to differentiate between 
different forms of magnetism. In a diamagnetic material, y is negative and small, 
as can be seen in Figure 1.2, where the magnetic moments try to oppose the 
applied magnetic field. All substances show diamagnetic behaviour, but since 
this effect is very small, any other magnetic response will oppose it. Typical 
examples are bismuth, water or lead. In a paramagnetic material (see Figure 
1.2), x is positive but small, meaning that the magnetic moments align to the 
external field, but the response is low. These moments are caused by unpaired 
electrons in the substance. Examples are liquid oxygen, copper sulphate or iron 
chloride. For a ferromagnetic substance, that have a permanent net magnetic 
moment, x is positive and large, resulting in a strong attraction towards an 
external field. Typical substances are iron, nickel and cobalt.!® 


Tron oxide nanoparticles can have different morphologies, such as hematite 
(a-Fe203), maghemite (7-Fe2O3) or magnetite (Fe304). The latter differs from 
most other iron oxides since it has different oxidation states of the same atom 
in its crystal structure, called a spinel. For magnetite in particular, the full 
formula should be Fe{*Fe3tO4.!8!9 Moreover, the Fe*+ atoms are located in 
the tetrahedral and octahedral lattice sites, while Fe?+ is only in the octahedral 
sites, which is called an inverse spinel. This unusual arrangement causes the 
magnetic moments of Fe?* to cancel each other out (tetrahedral and octahedral 
sites have opposite spins), leaving only the moment of Fe?*+ contributing to 


4 GENERAL INTRODUCTION TO BIOCONJUGATED NANOPARTICLES 





Diamagnetism Paramagnetism 
QOD Goo OOS® GOo® 
QOROQ 2@2Q2 QOOW OOOO 
OOOO GOGO OOOO OOOO 
OOOO OOOO OVOHO OOOO 








Ferromagnetism Ferrimagnetism Superparamagnetism 








Figure 1.2: Schematic illustration of magnetic materials and their responses to an 
external field. Atomic spins are shown in circles, while magnetic domains are shown 
in rectangles. Ferri- is a special case of ferromagnetism, where some spins have an 
opposite direction, partially cancelling the net magnetic moment. Superparamagnetic 
materials have only one domain and sufficient thermal energy to flip the magnetic 
moment. 


the overall magnetic moment. As shown in Figure 1.2, this is an example of a 
ferrimagnetic material. 


1.1.2 Superparamagnetism 


When the dimensions of a particle become sufficiently small, the energy needed 
to sustain multiple magnetic domains becomes higher than the energy to sustain 
just one domain. This results in a single magnetic domain in the particle where 
all spins behave as one superposed magnetic moment (see Figure 1.2). 


Superparamagnetism is caused by magnetic anisotropy in a material, which can 
be seen as a preferred direction of electron spin alignment (crystallographic) 
and hence preferred direction of magnetization. If sufficient energy is supplied, 
the direction of magnetization can reverse along this axis. This effect is typical 
for small nanoparticles, that have only one magnetic domain. The time required 
to reverse the spins, the Néel relaxation time (7), depends on the anisotropy 
constant (K), the particle volume (V), the Boltzmann constant (k) and the 
temperature (T) (see Equation 1.2). When temperature increases, the activation 
energy between the two reversed directions becomes smaller, and hence the 
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reversal will occur faster. At lower temperatures, on the contrary, the energy 
hurdle becomes too high to overcome. At a certain point this freezes the 
magnetic moments in a certain direction, giving the material a ferromagnetic 
appearance. This temperature is called the blocking temperature.!* 2? 


Kk 
rw exp 2 (1.2) 


1.2 Synthesis of iron oxide nanoparticles 


Multiple synthetic protocols and approaches have been published for the 
synthesis of magnetite (Fe304) nanoparticles. These include co-precipitation, 
polyol and hydrothermal reactions, micro-emulsions, laser ablation, thermal 
decomposition, flow-injection and electrospray syntheses. The properties of the 
most common methods are compared in Table 1.1.15:23-76 


Table 1.1: Comparison of the most common methods for the synthesis of magnetite 
nanoparticles. Thermal decomposition was preferred because of the large scale and 
high quality nanoparticles it produces. 








Method co-precipitation microemulsion hydrothermal thermal decomposition 
Conditions air air high pressure air/inert gas 

T (°C) 20-95 20-50 180-220 180-350 
Solvent water water in oil water-alcohols long hydrocarbons 
Distribution broad medium narrow very narrow 

Size 2-100 1-50 10-800 3-50 

Shape control not good good very good very good 

Scale (gram) large (0.1-2) small (0.1-0.3) small (0.1-0.5) large (1-40) 





The following section will discuss the basic theory of nanoparticle growth and the 
reaction mechanism of the thermal decomposition method in more detail, since 
it is capable of producing high quality monodisperse spherical nanoparticles at 
a large scale and is the only method used in this dissertation. 


Nucleation and growth 


During the very first stages of any crystallization process, nucleation occurs. 
Although the theoretical understanding of the phenomenon is well developed, the 
experimental data are hard to obtain because these very small nuclei, consisting 
of just few atoms, are formed only in the beginning and immediately grow 
or disappear again. These nuclei can be introduced externally or be formed 
in situ in solution. The first process, where nucleation is induced by foreign 
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seeds is called heterogeneous nucleation. The latter process, where a single 
liquid phase forms the nuclei spontaneously, is called homogeneous nucleation. 
This homogeneous nucleation has a profound influence on the obtained size 
distribution of the NP. When the formation of nuclei is happening randomly in 
time, all particles have a different growth history (~ age). This will result in 
uncontrolled growth and a broad size distribution. However, when all nucleation 
occurs at once, the particles will have similar ages and will grow simultaneously. 
Such rapid nucleation generally results in a monodisperse set of NP. Even 
though a heterogeneous nucleation can achieve similar results, the preparation 
of highly uniform small seeds is difficult and hence not very popular.2”?° 





: Nucleation : Growth 
0  @@ Mister. 
Fe(oleate); — *° @ so e@ 
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ae 
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Critical 
supersaturation 


Concentration 


i : 1 Number of particles 
1 





Time ' 
I monomer production : Size distribution width 
Il nucleation 
Ill growth Time 


Figure 1.3: The LaMer model is often used to explain the principle of supersaturation 
and nucleation. When the concentration of monomers reaches the critical 
supersaturation limit, nucleation will start. During the nucleation stage, the nuclei 
for further NP growth are formed. After the supersaturation has lowered, the growth 
regime starts (shown at the right), during which the particle size is focused, resulting 
in a monodisperse set of NP. The size distribution width shows the transformation of 
a polydisperse intermediate product to a monodisperse end product.?° 


During homogeneous nucleation (the in situ formation of nuclei) a large energy 
barrier has to be overcome, which is achieved by the critical supersaturation 
level of starting products, also called monomers (see Figure 1.3, LaMer 
model) .1°:2779:39 An advantage of this process is that when nucleation and 
initial growth have started, the supersaturation level quickly lowers, which 
terminates the nucleation automatically. This largely reduces the time frame in 
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which nucleation occurs and is therefore known as burst nucleation. Although 
this system approaches the ideal case of a single nucleation event, it is not 
a guarantee for a narrow size distribution. During the burst nucleation, the 
growth of the particles already starts, due to the supersaturation. At the end 
of the nucleation stage, a series of NP with different growth histories is present 
in solution (see Figure 1.3). Nevertheless the process of nucleation is crucial 
to consume the starting products and eliminate unwanted nucleation at later 
stages in the reaction. As long as the duration of the process is much shorter 
than the growth process, the NP will have a similar age and a narrow size 
distribution can be achieved during the next step of the nanoparticle formation. 


The reaction on the surface of the growing NP, turning dissolved monomers into 
solid mass, is reversible. A dissolved monomer precipitates onto the surface of 
a particle, thereby turning into a solid. This process, called diffusion controlled 
growth, occurs when the concentration of dissolved monomers is much larger 
than the solubility of the particle itself. When this concentration lowers, the 
mass transport direction can reverse, dissolving the particle. At the point where 
no monomers are present in solution anymore, small particles will be consumed 
by large particles. This phenomenon is know as Oswald ripening and is very 
important in nanoparticle synthesis. It is caused by the difference in chemical 
potential between small and large NP, with smaller NP having a higher chemical 
potential (being more unstable). When the monomer concentration becomes 
low, the reversed mass transport reaction dissolves small nanoparticle thereby 
releasing monomers, while the more stable large nanoparticles keep growing by 
these released monomers.?” 


Thermal decomposition 


A large variety of NP can be produced by the thermal decomposition of 
organometallic precursors in high boiling organic solvents, with the addition 
of surfactants. Thanks to the successful synthesis of semiconductor NP 
by this method, similar methods for the production of magnetic NP were 
developed. Possible organometallic precursors are based on metal complexes of 
acetylacetonate (acac), N-nitrosophenylhydroxylamine (cup), carbonyls, oleic 
acid, other fatty acids or oleylamine. Besides the choice of the precursor, the 
solvent, extra surfactants, the reaction temperature, the reaction time and the 
ageing period have a profound influence on the size and shape of the obtained 
NP. !:28-30:31 Jana et al. reported as one of the first that the synthesis of metal 
oxide NP was possible by thermal decomposition of metal fatty acid complexes. 
They proved that the concepts, derived from semiconductor NP syntheses, were 
valid for metal oxides.?!3? Six months later later, Park et al. published a 
protocol for a very large scale synthesis of magnetite nanoparticles.!? They 
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Figure 1.4: The decomposition of iron-oleate at high temperature happens via a 


radical process. Carbondioxide gas is released from the oleate molecules in one of 
these reaction steps. (Figure adapted from Perez et al.)?* 


used iron-oleate as the organometallic precursor, which was decomposed in 
1-octadecene (as solvent) and oleic acid (as surfactant) at 320°C. Later on, the 
decomposition of iron pentacarbonyl was described, which is known as one 
of the best syntheses for monodisperse iron NP.*? A second step is necessary 
however to oxidize the NP further to magnetite. Nevertheless the latter method 
is used less often due to the toxicity of the organometallic precursor. In this 
dissertation, the thermal decomposition of iron-oleate, as described by Park et 
al. was used to produce the magnetic NP.!” 


The so-called ultra-large synthesis of iron oxide NP is based on the decomposition 
of Fe* (oleate)3. The exact reaction mechanism is not know yet.?° Since the 
magnetite particles have Fe?+ and Fe?* in their crystal lattice, a reduction 
reaction has to occur. Perez et al. have published the most complete description 
so far.°4 They found out that the heating of the oleate precursor results in 
the formation of radicals (see Figure 1.4). These reactions provide the oxygen 
for the oxide formation as well as the reduction of Fe?+ to Fe2+. The radical 
byproducts can combine to form ketones, that were detected at different stages 
in the reaction.*4 Several different opinions about the influence of temperature 
can be found in literature. Perez et al. stated that the first decomposition step 
of the oleate precursor already starts at 200°C.*4 Kwon et al. on the other hand, 
reported that this reaction occurs at 275-300°C.?% Both reports agree on the 
radical mechanism and the production of CO, during the reaction. 
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After their synthesis, the NP have a coating of oleic acid molecules, which are 
very apolar (oleic acid is a component of olive oil). The particles only disperse 
in apolar solvents (hexane, heptane, chloroform, dichloromethane, ...) at this 
point. For further use in aqueous applications, the surface has to be modified 
with a polar moiety. The following section will give an overview of different 
functionalization strategies and their main properties. 


1.3. Surface functionalization 
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Figure 1.5: Overview of different ways to functionalize iron oxide NP: organic ligands 
(to form mono- of bilayers), polymers or inorganic shells. 


Coating the surface of a nanoparticle is generally performed to improve the 
chemical or physical stability. Some NP, such as elemental Fe, Co or metal 
alloys, are very sensitive to oxidation by air. A surface coating protects the 
crystal from the environment and sustains the properties of the core. The 
physical stability of a nanoparticle should be regarded at a larger scale: the 
colloidal stability in the medium and prevention of aggregation. In general, the 
coating strategies can be divided into two groups: organic or inorganic shells 
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(see Figure 1.5). The organic shells include monomeric surfactants, polymers, 
double layers or proteins. Inorganic shells are usually based on silica (SiO), 
carbon, metals (Au, Ag) or oxides.!° The process of changing the initial ligand 
with a new molecule or shell is called ligand exchange. As an alternative, NP 
can be embedded in a matrix, such as a polymer, silica or composites. This 
prevents aggregation and oxidation, but the particles are fixed spatially and 
this limits their applicability.!° 


Polymer coatings 


The most common coatings described in literature are dextran, carboxymethy- 
lated dextran, sulfonated styrene, starch, polyvinyl alcohol (PVA) and 
polyethylene glycol (PEG).?%°° 


Dextran is a polymer, consisting of polysaccharides with varying chain length 
and branching and is often used because of its biocompatibility. It interacts 
via chelation or hydrogen bonding with the surface of iron oxide. Although 
these hydrogen bonds are weak, the polymer molecules have numerous hydroxyl 
groups and the total bonding energy hence becomes very large. PEG and 
PVA are very hydrophilic and water-soluble polymers. These coatings are 
biocompatible and provide the NP with excellent solubility and stability in 
aqueous environments. 


Even though the resulting colloidal properties of these polymer-coated NP are 
often very good, the lack of control over the shell thickness and density of 
the layer makes this approach less favourable.?” Most methods are based on 
a non-covalent interaction between the polymer and the surface, which limits 
the robustness and applicability. Physisorbed drug molecules can be lost before 
they reach the target site. Another issue arises when the coating of the particle 
is removed, since this results in aggregation and consequently adverse effects 
on cells or tissue.°®° These problems have been addressed by cross-linking the 
polymer layer, which increases the robustness but complicates the synthesis 
of the nanoparticles. Moreover, controlling the presence and availability of 
functional groups on the polymer layer is difficult and generally requires more 
advanced methods such as grafting-from or grafting-to.?738 


Inorganic shells 


The introduction of inorganic shells on iron oxide NP can be performed from 
two different points of view: protect the magnetic core from the surrounding 
environment or introduce a new property (such as plasmonic or catalytic 
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materials). The first is often achieved by the growth of a silica shell on the 
surface, which is inert and forms a dense protective layer. The latter, introducing 
a new property can be accomplished by the growth of a golden or silver shell. 
These materials have interesting properties such as plasmons, catalytic or 
antimicrobial activity.°? ++ An important advantage of inorganic shell formation 
is the high degree of control that, compared to polymers, can be achieved over 
the shell thickness and shape. 


Silica coatings are well-established for magnetic NP, since it prevents aggregation, 
improves the chemical stability and lowers the toxicity by ion leaching. Moreover 
the shell is negatively charged, stabilizing the NP by coulombic repulsion. Three 
methods are developed to growth the shell: the St6ber process, silicic acid and 
emulsions methods.*? 44+ The Stéber process is very well-known and relies on 
the hydrolysis and polycondensation of a silica precursor such as tetraethyl 
orthosilicate (TEOS).*? Emulsions (micelles or inverse micelles) are of particular 
interest for modification of apolar iron oxide NP, since the shell is usually 
grown directly on top of the present oleic acid surfactant. In this case, extra 
surfactants are added to make the NP disperse better, such as Igepal CO-520 
or cetyltrimethyl ammonium bromide (CTAB).*° However, this complicates the 
workup of the resulting core-shell NP. More complex silica can be produced using 
a large excess of surfactants, resulting in mesoporous silica. These structures 
have a very large surface thanks to the pores and can be used for drug delivery.*° 


Coating iron oxide NP with a gold layer is not trivial since the two crystal 
structures do not match well. Recently, progress has been made by performing 
the reaction at higher temperatures, starting from an organometallic precursor 
(gold acetate) in an apolar medium.*® Other approaches are often done 
in aqueous environments by chloroauric acid or seeded growth.*!47 Post- 
functionalization by thiol-containing molecules is straightforward, thanks to the 
strong bond between thiols and gold. Moreover, the surface is chemically inert 
and has interesting optical properties.*® 


Monomers and bilayers 


Small organic molecules can also be used to form stabilizing layers on iron oxide 
NP. They can be chemically anchored or physically adsorbed to the surface, in a 
single or double layer. Well-known functional groups that interact strongly with 
the surface by forming a coordination bond are carboxylic acids, phosphates 
or catechols. Another class of molecules, siloxanes, are capable of forming a 
covalent bond with the nanoparticle’s surface.?*49 


Functionalization by a coordination bonding molecule is one of the most 
straightforward methods. Citric acid (citrate) is a widely used ligand in this 
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regard. Two of its carboxylates interact with the surface, leaving the third 
exposed to the solvent, providing a negative charge to the particle.°° However, 
this type of bond is labile and is prone to break by increasing temperature, 
extreme pH or the presence of other ligands. Similarly, phosphonic acid 
(phosphonate) forms a coordination bond, albeit stronger than by a carboxylic 
acid.°! This makes it possible to replace for instance oleic acid on the surface in 
a single step without complex two phase systems.°? Those ligands show good 
chemically stability at neutral pH during several weeks. 


Catechols-containing ligands are a recent development in surface chemistry.°? °° 


These 1,2-dihydroxybenzene derivatives showed an exceptionally high com- 
plexation constant with metal ions (log K ~ 30-40), making the bond almost 
irreversible.°&°” The concept of using catechols as highly versatile ligands 
is derived form nature itself, since the molecule is present in the adhesive 
proteins secreted by mussels for attachment to wet surfaces.°° The large 
variety of commercially available catechol-containing molecules (dopamine, 3,4- 
dihydroxyhydrocinnamic acid, ...) has caused a large increase of publications 
about these ligands in recent years. A minor disadvantage of dopamine is its 
tendency to polymerize into polydopamine. This issue was addressed by the 
introduction of a nitro group onto the phenyl ring.°® 


Alternatively, the already existing oleic acid layer can be used to form a double 
layer. To achieve this, amphiphilic molecules (phospholipids) are added to the 
freshly prepared apolar NP, which will encapsulate the particle and form a 
double layer. This is stabilized by the hydrophobic interactions between the 
oleic acid and phospholipids.*? 


Siloxanes 


Some organic molecules, called silanes, have silicon atoms incorporated in their 
structure. A subgroup of these are the organosilanes, which have one or more 
organic groups. Siloxanes are member of this organosilane group, but they have 
at least one alkoxy bond present in their molecular structure. These molecules 
are of particular interest for the functionalization of iron oxide NP, since 
they can form a covalent bond with the surface, while introducing functional 
groups. They are frequently used for the modification of oxide surfaces (glass, 
metal oxides, ...) and hence a large variety of these siloxanes is commercially 
available. 64 


In the presence of water, one of the alkoxy groups (usually methoxy or ethoxy) 
splits off by an acid- or base-catalysed reaction (see Figure 1.6). This so-called 
silanol molecule can polymerize with another silanol molecule via a condensation 


COLLOIDAL STABILITY 13 





Acid or base 
er catalyzed a ieced i it a oye 
Si ——_——__> Si _—_—————— Ble, « sik: 
| H,0 bi a fo) = 
oO 
™~N : 
. Condensation 
Siloxane Silanol Se 
ser \ 0 
a aac i Séi 
| ie) 





Figure 1.6: The alkoxy siloxane molecule is first hydrolyzed to a silanol molecule by 
an acid- or base-catalyzed reaction. This molecule can polymerize or react directly 
with the hydroxyls on the surface. 


reaction or directly interact with the hydroxyl groups on the surface of the 
nanoparticle via a similar condensation reaction.© 


1.4 Colloidal stability 


In a colloidal system, with particles of similar sizes, several interaction forces have 
an influence on the overall stability of these particles. These forces, responsible 
for the behavior of NP in solution, usually are the electrostatic repulsion and 
van der Waals attraction. Moreover, hydration and steric repulsion can also 
have a significant impact if less charges are present. In the following section, 
the concepts that are applicable to the NP presented in this dissertation, will 
be discussed further in detail. 


DLVO theory 


The most common way of stabilizing NP is by making use of electrostatic 
repulsion. This repulsion occurs when particles have a similar charge and is 
very effective in preventing particle aggregation. In Figure 1.7, this electrostatic 
repulsion is shown by the red curve. It quickly grows at smaller distance due to 
the close proximity of the charges. Besides this repulsion, an attractive force is 
also present in colloidal systems, the van der Waals forces. These dipole related 
forces are smaller and are more pronounced at smaller distances between the 
dipoles. It is the sum of the Keesom, Debye and London forces, respectively 
the attraction between two permanent dipoles, a permanent and induced dipole 
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Figure 1.7: The DLVO theory (for a system with a high salt concentration) describes 
the sum of the van der Waals attraction and electrostatic repulsion. The primary 
minimum represent an irreversible aggregate, while the secondary minimum shows 
a flocculated state, which is reversible. An energy barrier has to be overcome to 
reach this irreversible aggregated state, which is related to the collision speed of the 
particles. 


and the spontaneous oscillations of electrons that create temporary dipoles. 
Usually in colloidal systems, the London forces are most important. In Figure 
1.7, the van der Waals force is shown by the green curve. The sum of both 
(see Figure 1.7, black curve) essentially explains the behavior of a colloidal 
system and can be used to determine whether it will be stable in time. This 
concept was developed by Derjaguin, Landau, Verwey and Overbeek and was 
hence called the DLVO theory.®*® It provides a framework that considers 
the total interaction energy of two NP to determine the stability of colloids. 
When two particles with similar charges approach each other, a small attractive 
force is present due to the van der Waals forces. This results in a minimum 
(secondary) where the particles are loosely packed together, called flocculation. 
So far the interactions are still reversible. If the particles would come even 
closer together, the repulsive force, due to their charges, creates a energy barrier 
that the particles have to cross. If the collision energy (from Brownian motion) 
is large enough, the particles can cross the barrier and end up in the primary 
minimum. This is the point of irreversible aggregation and minimal energy, and 
often results in precipitation. If the particles are highly charged, the barrier 
becomes very high and this would ensure colloidal stability since the particles 
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cannot end up in the primary minimum. This DLVO theory is dependent on 
many different parameters that determine the initial attraction of repulsion 
of two particles. For instance, at high charge densities, the overall force is 
repulsive, since the interaction is dominated by the double layer contribution. 
At small charge densities, the interaction is dominated by the attractive van 
der Waals force. In this work, the relation between a functional group and its 
zeta potential is discussed in Chapter 3, while in other chapters stability will 
be achieved by steric repulsion rather than electrostatic repulsion. 


Zeta Potential 


Most oxide materials are charged by nature, since the presence of hydroxyls on 
their surface makes them partially pH responsive. This charge attracts ions with 
an opposite charge, that stick to the surface of the particle, forming the Stern 
layer. A second more diffuse layer is also formed, that has more mobile charges. 
The potential, caused by the surface charges, at the edge of the Stern layer is 
called the Stern potential, while the potential at the edge of the diffuse layer 
(slipping plane) is called the zeta potential. The latter is an important concept 
in colloid physics, since it gives a relatively good indication of the colloidal 
stability of a charged particle. It can be measured in an adapted dynamic 
light scattering experiment where the electrophoretic mobility of the particles 
is translated into a zeta potential value. If an absolute value higher than 25-30 
milliVolts (mV) is measured, the particles are said to be colloidally stable in 
time.®* If the absolute value is lower than 25 mV, the system is probably not 
stable and aggregation will occur in time. However, this theory does not take 
any other repulsive forces, such as steric hindrance, into account. Therefore the 
value of the zeta potential is only important for highly charged particles, without 
presence of steric stabilizers. In this work, steric repulsion is far more important 
than electrostatic repulsion, hence the measurement of the zeta potential was 
often omitted due to its limited contribution. For example, a PEG coated 
nanoparticle will have a very low potential due to the absence of charged groups, 
insinuating colloidal instability, while these particles show exceptional stability 
in time. Nevertheless, this concept is generally accepted as one of the only ways 
to measure the stability of a nanoparticle dispersion. 


1.5 Protein coronas 


When NP enter a biological fluid (for instance blood), their surface is instantly 
covered by a layer of proteins, which is called a protein corona (see Figure 1.9). 
This newly formed corona alters the interfacial properties, size and aggregation 
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Figure 1.8: A negatively charged nanoparticle attracts a layer of positive ions, which 
are almost strongly bound, to its surface, called the Stern layer. The next layer is 
more diffuse and partially compensates the charge of the inner layers. The edge of 


the layer is called the slipping plane, which is the point where the zetapotential is 
measured. 
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Figure 1.9: Two different protein layers are spontaneously formed around the 
nanoparticle: a hard corona on the surface and a soft corona as a second layer, 
which is more dynamic. 


behavior of the nanoparticle. Moreover the NP gain a biological entity that 
is different form the initial synthetic identity. Their biological identity will 
determine whether NP can cross certain barriers or membranes and how the 
interaction with other biomolecules will occur.®-” 


Two different types of coronae are formed around a nanoparticle: a hard and a 
soft one. The hard corona is defined as the first layer of proteins that are strongly 
interacting with the surface. The soft corona is the second layer of proteins, 
that have no direct contact with the surface, but have solely protein-protein 
interactions. Both layers show different kinetic behavior, with the soft corona 
having a faster exchange of proteins, while this is rather slow for the hard 
corona. The initial protein layer formation is thermodynamically driven, since 
it lowers the surface free energy of the nanoparticle. The protein composition 
of this layer depends fully on the concentration and nature of proteins in the 
surrounding liquid. For instance in blood, the high concentration of serum 
albumin will initially cause a high presence in the hard corona (kinetically 
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driven). But in time, less abundant proteins with higher affinity and slower 
kinetics might displace them (thermodynamically driven). Nevertheless, the 
protein corona is what a cell sees of a nanoparticle since it cannot directly 
interact with the nanoparticle’s core and is hence a very important concept in 
nanoparticle science. “1:4 


1.6 Antibodies 


The human body is defended by an adaptive immune system, that has evolved 
to recognize a great variety of antigens from bacteria, viruses or other pathogens. 
The antigen-recognizing molecules (on B-cells) are called the immunoglobulins 
(Ig) (or antibodies (Ab)) and are produced in a vast range of antigen specificities, 
even though each B-cell produces Ig of just one single specificity. They come 
in two forms, membrane-bound or secreted (which are structurally different), 
depending on the type of B-cell. These Ab serve two functions: binding to the 
molecules (from the pathogen) that initiated the immune response and to rally 
other cells and molecules to the pathogen to destroy it. For example, an antibody 
can bind to a virus, making it ineffective and marking it for destruction.” 


Structure 


Ab are roughly Y-shaped proteins that have three portions of equal size, 
connected by a flexible linkage, called the hinge. The twofold purpose of 
an antibody is visible in its structure (see Figure 1.10). One part specifically 
binds the target antigen while another part influences recognition and removal 
mechanisms. The first part varies greatly between different Ab, and is hence 
called the variable region (Vz and V7), which is a substructure of the antigen 
binding region (Fragment antigen binding, Fab). The Fab fragment is build up 
from a complete light chain and part of the heavy chain. The large variability 
makes that Ab can bind to a wide range of pathogens and virtually any structure 
can be recognized. The second part, that can activate removal mechanisms, has 
less variation and is hence called the constant region. It was originally observed 
to crystallize easily and was called the fragment crystallizable (Fc). Five main 
classes of these constant fragments exist, which divides the Ab into classes, 
namely IgG, IgM, IgD, IgA and IgE. The immunoglobulin G (IgG) class is 
the most abundant in the human body.” A single pathogen can have many 
possible binding sites for Ab, called epitopes. As these Ab are produced by 
many different cells (1 cell = 1 type of antibody), they are called polyclonal. 
They are all targeting the same pathogen, but have a different variable region 
and bind to different epitopes. While this is advantageous for fighting infections 
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Figure 1.10: An antibody is roughly Y-shaped and has different regions with separate 
functions. The bottom Fe (Fragment crystallizable) part has no antigen binding 
properties, but is responsible for the activation of removal mechanisms. The top Fab 
(Fragment antigen binding) part is responsible for the interaction with the antigen 
and is build up from the complete light chain and part of the heavy chain. In between 
the two part, a flexible region is present, called the hinge. 


in nature, the heterogeneity sometimes hinders their applicability in research. 
The following section will give more insight in the production of antibodies.” 


Production 


Two main types of Ab can be obtained: mono- and polyclonal Ab. The latter 
were discussed in the previous paragraph, being a set of Ig produced by different 
B-cells, all targeting the same antigen but on different epitopes. Monoclonal 
Ab on the other hand represent a set of Ig that all target the same epitope and 
are produced by the same cell. This major breakthrough in the research and 
development of Ig was accomplished by Kohler and Milstein in 1975.7 They 
fused the B-cells (that produce the Ab, but do not divide indefinitely) with 
immortal myeloma tumor cells. This resulting single hybrid cell is known as a 
hybridoma cell, which produces Ab and can divide indefinitely and grow well 
in cultures. These cells however are clones of each other and hence all secrete 
the same antibody, which is monoclonal.”:7"78 Alternatively, the hybridoma 
cells can be injected into the abdomen of a mouse, where they will multiply and 
produce Ab, which is know as the mouse ascites method. 


20 GENERAL INTRODUCTION TO BIOCONJUGATED NANOPARTICLES 





Table 1.2: Comparison of monoclonal and polyclonal antibodies, including their 
advantages and drawbacks.’°"”> 








Monoclonal Polyclonal 
Production in vitro (hydridoma cells) mostly in vivo 
Target one epitope multiple epitopes 
Cost expensive relatively cheap 
Technology highly complex relatively easy 
Production time long (> 6 months) short (2-3 months) 
Batch to batch identical large variability 
Scale very large limited 
Cross-reactivity very low possible, depending on 


level of purification 





Polyclonal antibodies on the other hand are acquired from the blood of an 
immunized animal. In short, a rabbit or goat is injected with a pathogen (or 
antigen (Ag)), after which the immune system is given time to produce an 
immune response in the form of Ab. After a second (or even third) boost with 
extra antigens, the blood from the animal is collected and purified. 


Purification of Ab is usually performed via affinity column chromatography with 
proteins that strongly bind Ab, for instance protein A (Staphylococcus aureus), 
G (Streptococcus spp.) or other Ab. Depending on the starting material, derived 
from an in vitro culture of hybridoma cells or serum of an immunized animal, 
this process results in monoclonal Ab or the whole IgG fraction present in the 
serum. This fraction can later be purified further to collect all the Ab targeting 
a certain antigen. Again affinity column chromatography can be used to perform 
this purification step.””7° *? Instead, polyclonal Ab can also be prepared by 
mixing several monoclonal Ab together. 


The main differences between the two types of Ab, mono- and polyclonal, are 
summed up in Table 1.2. 


1.7 Coupling chemistry 


The covalent attachment of proteins onto nanoparticles is a widely investigated 
research domain. Hundreds of methods have been described in scientific 
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literature, including zero-length, homobifunctional, heterobifunctional and even 
trifunctional cross-linkers. The following section will give a brief overview of 
the zero-length coupling options (no extra atoms after coupling) that require no 
modification of the protein itself, since this approach was used in this dissertation. 
A complete overview can be found in the book Bioconjugate Techniques written 
by G. T. Hermanson.®? 


The smallest possible coupling between two entities is via zero-length cross- 
linkers. These molecules are capable of connecting two molecules, without 
leaving behind extra atoms, intervening linkers or spacers. Definitely in the 
case of antibody coupling, the presence of linker molecules can induce possibly 
unwanted cross-reactivity. Moreover, the modification of Ab prior to coupling, 
such as cleavage of the disulfide bonds or oxidation of their carbohydrates, alters 
their structure and can have a negative impact on the affinity and stability of 
the protein.8+°> Hence, the most common way of cross-linking Ab to a substrate 
is by means of their already present functional groups: carboxylic acids or 
amines. 


Carbodiimides 


Carbodiimides are by far the most well-known mediators for the formation of 
amide linkages between amines and carboxylic acids. Similarly they can form 
phosphoramide bonds between phosphates and amines. The carbodiimides can 
be divided into two classes: water soluble or insoluble. The first are of course 
the most common choice for coupling reactions involving proteins, since these 
are only stable in aqueous environments. The water insoluble carbodiimides 
on the other hand are frequently selected for peptide synthesis or coupling of 
molecules in organic solvents. 


Essentially all carbodiimides react via the same reaction pathway, as shown 
in Figure 1.11. The diimide reacts with a carboxylic acid to form a highly 
reactive O-acylisourea intermediate. This molecule will then react with a 
primary amine to form an amide bond. Other nucleophiles, such as thiols 
or hydroxyls, can also attack the O-acylisourea molecule. This implies that 
hydrolysis by water is a major competing reaction, forming an isourea, setting 
the carboxylic acid free again, resulting in a net loss of diimide starting product 
(see Figure 1.11).8° In aqueous environments, EDC is the most commonly used 
reagent. Another possibility is 1-cyclohexyl-3-(2-morpholinoethyl) carbodiimide 
(CMC). For organic solvents, dicyclohexyl carbodiimide (DCC) and diisopropyl 
carbodiimide (DIC) are often selected.°° 


The reaction between the O-acylisourea intermediate and an amine is 
unfortunately slow and hydrolysis in aqueous solutions is prone. If the amine 
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Figure 1.11: A typical reaction between a carbodiimide (1-ethyl-3-(3- 
dimethylaminopropyl)-carbodiimide hydrochloride (EDC)) and a carboxylic acid, 
starts with the formation of a O-isoacylurea molecule. This can reaction directly 
with an amine to form the amide product. Usually N-hydroxy succinimide (NHS) is 
added to form a NHS-ester, which is more stable. This ester will then react with the 
amine to form the amide product. An important side reaction is the hydrolysis of the 
intermediate, resulting in a net loss of EDC. 


does not find the activated carboxylate before hydrolysis occurs, the coupling 
will fail. This situation is especially occurring in coupling reactions with proteins, 
since those are dissolved in water at relatively low concentrations. To solve 
this issue, NHS can be added to the reaction. This way a reactive NHS-ester 
can be formed (see Figure 1.11), that can react rapidly with amines. Moreover, 
this ester hydrolyses very slowly, allowing to purify the product at this stage. 
Overall, the addition of NHS to a coupling reaction increases the efficiency more 
than 20-fold, as investigated by Staros et al.8’ This improved efficiency has 
the unexpected consequence that the coupling might be too efficient and hence 
causes excessive cross-linking (and precipitation). Scaling the amount of EDC 
and NHS will solve this problem. 


In this dissertation, carboxylic acid groups on the surface of the NP were coupled 
to amines on the Ab. The opposite reaction (with amines on the NP) could 
also have been performed. However this has a major disadvantage: proteins 
have both carboxylic acids and amines; activation of the carboxylic acids would 
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Figure 1.12: CDI reacts with a carboxylic acid group and form a N-acylimidazole with 
the liberation of CO2 as the driving force. Next, this reacts with an amine to form 
the final amide bond. 


lead to severe protein-protein cross-linking. The NP were designed to have only 
carboxylic acids and no amines, which can safely be activated by EDC and 
NHS. An extra advantage of the usage of EDC is the introduction of charges, 
which might help to stabilize the functionalized NP. 


N,N’-carbonyl diimidazole 


N,N’-carbonyl] diimidazole (CDI) is very efficient activator of carboxylic acids. 
It is capable of forming a zero-length bond between the acid and an amine, or a 
one-carbon-lenght bond between two amines (as a ureum), or a hydroxy] and an 
amine (as a N-alkyl carbamate). A carboxylic acid reacts with CDI and forms 
a N-acylimidazole compound that is highly reactive. This formation is very 
efficient and produces high yield thanks to the liberation of carbon dioxide as 
the driving force. The activated carboxylate can react with amines or hydroxyls 
to form amides or esters, respectively. Figure 1.12 shows the reaction of CDI to 
form an amide.8%-88 


The major disadvantage of CDI is that it is extremely sensitive to the presence 
of water. Hydrolysis will break down CDI instantly to COg and imidazole. 
Therefore all reactions should be performed in dry solvents. An advantage is 
the very rapid activation of carboxylic acids, which also releases characteristic 
gas bubbles, which indicate a successful reaction. All excesses of CDI should 
be removed from the reaction mixture before the addition of the amine, since 
side reactions can occur at that point. Adding a small amount of water can be 
used for this. Hydrolysis of the activated carboxylate by water is a possible 
side reaction, but occurs much slower than the nucleophilic attack by a primary 
amine.®§ 
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Figure 1.13: Fluorescence image of L. pneumophila bacteria (recombinant strain 
expressing the green fluorescent protein (GFP)), which are around 2 ym long and 0.5 
pum wide. The rodlike shape is clearly visible. 


1.8 Legionella pneumophila 


The aim of this dissertation was to develop an NP-Ab system that targets 
Legionella pneumophila (L. pneumophila). These bacteria have a large social 
relevance and their detection in various aqueous environments (f.i. swimming 
pools, waste and cooling water) is mandatory by law. The following section will 
give more insight in the properties of these bacteria as well as their prevalence 
and detection. 


Ecology of L. pneumophila 


The Legionella bacteria is a Gram-negative, aerobic, rodlike organism that is 
approximately 0.5 wm wide and 2 ym long (see Figure 1.13). It is ubiquitously 
present in fresh water and is the largest genus of bacteria that survives by 
parasitizing on free living single-celled protozoa.®® They are remarkably acid- 
tolerant (able to withstand pH 2) and have been isolated from environmental 
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sources with pH of 2 to 8.999! Moreover they have been found in sources as 


diverse as water on plants in rainforests, groundwater and even seawater.°? 


Legionella bacteria thrive at elevated temperature (30-40°C), in water with high 
(in)organic content and possible host protozoa.°? This explains why the bacteria 
are so often found in artificial habitats, for instance warm water systems such as 
whirlpools, fountains, showers or air-conditioning units.°! If more than 100,000 
colony forming units (CFU) are found in 1 liter of water sample (in Belgium), 
the facility has to be closed until levels have dropped under 10,000 again.9+9° 
This mandatory detection of the bacteria makes detection and pre-concentration 
techniques highly important. 


The exact proliferation mechanism of L. pneumophila in protozoan hosts is 
complicated but is based on overcoming three major hurdles. First, the bacteria 
are phagocytosed by the host into a phagosome, which usually becomes a 
very inhospitable environment (phagolysosome). Secondly, they need nutrition 
and sustenance for growth, which has to be acquired through the vesicle that 
contains them. Thirdly, the surrounding phagosomes restrict the available space 
for continuous growth. The L. pneumophila bacteria overcome these issues by 
hijacking the host secretory system and membrane traffic (by dot/icm genes).°° 
They camouflage their surrounding vesicle to obtain a steady supply of nutrients 
from the host and continue to grow. 


Legionellosis 


An outbreak of a severe type of pneumonia during an American Legion 
Convention in Philadelphia led to the discovery and description of the 
Legionnaires’ disease, named after the participants of the conference, in 1976.9” 
More than 42 species of Legionella have been identified since the first outbreak. 
A less severe form of the disease is called the Pontiac fever. The Legionnaires’ 
disease causes flu like symptoms, such as fever, headache, chills and muscle pains. 
It can cause large fatality rates of 40-80% among patients with lowered resistance 
(f.i. in hospitals). It can be treated by antibiotics such as clarithromycin and 
azithromycin.?! 


Detection methods 


For the detection of the LZ. pneumophila bacteria, 2 important steps should be 
considered: pre-concentration and the quantification itself. Since a standardized 
water sample for official Legionella enumeration has a volume of one liter, a 
pre-concentration step is crucial. No quantification technique is capable of 
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handling one liter samples directly and taking only small aliquots is not allowed 
by law.°+ Usually the sample is centrifuged or filtered to collect the harmful 
pathogens. However both techniques have serious drawbacks inherently related 
to their mechanism. Centrifugation can obtain high recovery values, but is not 
target specific and is very inconvenient for large sample volumes making it a 
very time consuming approach. Filtration can handle these large volumes, but 
is not specific either and has a profound influence on the cell viability and has 
issues with complex (dirty) samples.9° Another technique, immunomagnetic 
separation, makes use of Ab and magnetic NP to have a target specific magnetic 
attraction of bacteria from aqueous environments. It is capable of achieving a 
purification from large volumes, has only limited effect on the cell viability and 
can be used in complex samples. This method will be developed further for the 
L. pneumophila bacteria is this dissertation. 


For the quantification of the bacteria, multiple techniques have been developed: 
cell cultures, flow cytometry (FCM), enzyme-linked immunosorbent assay 
(ELISA), quantitative polymerase chain reaction (qPCR), hybridization (DNA 
or RNA), surface plasmon resonance (SPR) sensors or antibody staining.9910° 
Cell cultures are still considered as the golden standard for the enumeration 
of bacteria. However, the method is very time consuming, slow (7-10 days) 
and has issues with the presence of other bacteria if they grow faster than 
the target.!9' FCM makes use of the specific fluorescent signal and size of 
organisms for detection and quantification. Unfortunately the technique is 
expensive and impurities might hinder a correct enumeration.!0!19? gPCR 
is based on the polymerase chain reaction, in combination with fluorescent 
tags, for the quantification of target DNA (or RNA is the case of RT-qPCR). 
It is a fast method, with a low detection limit, but inhibitors (that are 
often present in an environmental water sample, f.i. metal ions, surfactants 
or polysaccharides) are a recurring problem. DNA- or RNA-hybridization 
approaches utilize complementary strands of DNA or RNA to detect the target 
bacteria. It is a technique with a high specificity, but can only handle relatively 
low concentrations and free DNA or RNA can result in false positive signals. 
SPR sensors measure the shift in the plasmon resonance of gold to determine 
the concentration of an analyte. It is very sensitive but can have problems 
with aspecific adsorption and false positive signals.'°? Antibody staining on 
the other hand employs fluorescent antibody conjugates to selectively stain 
target organisms. Cross-reactivity is recurring issue with this technique and 
pre-concentration of the sample is advisable.!° 


The detection methods that were used for this dissertation will be explained in 
more detail in the appendix. 
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1.9 Objectives and outline 


Objectives and strategy 


The increasing interest in functional nanomaterials has led to their implemen- 
tation in various biomedical applications, either as a therapeutic agent or for 
diagnostic purposes.104-!08 NP with magnetic properties are well-known for their 
potential in magnetic resonance imaging (MRI), for which commercialization has 
been achieved (Feridex, Endorem). However, applications regarding selective 
magnetic purification are more scarce in scientific literature. These studies are 
often approached from either the synthetic or biomedical side, lacking an optimal 
design on the other side. A thorough nanoparticle synthesis and functionalization 
is often combined with a less comprehensive separation study and vice versa. 
Moreover the complexity of the syntheses often makes implementation in 
applications rather hard. In this dissertation a complete nanoparticle platform 
for magnetic purification of targeted organisms will be described that pays 
attention to all relevant properties, ranging from the nanoparticle’s synthesis 
to their functionalization and testing their performance in several relevant 
applications, with an extra focus on reproducibility and low cost. 


Three major material properties were identified as being crucial for the 
development of a NP-based magnetic separation platform. First, the 
synthesized core nanoparticle should be well-defined, in terms of size and shape. 
Moreover the reduction of batch-to-batch difference, and hence an improved 
reproducibility was an important rationale. Secondly, the available surface 
modification procedures of these particles had to be improved to meet two 
crucial requirements: a fast and highly reproducible functionalization method 
that allowed covalent bonding of the ligand to the surface. Thirdly, a new ligand 
had to be designed that combined all properties necessary for the intended 
applications. The presence of a functional group and improved colloidal stability, 
combined with the possibility to covalently bind to the surface of iron oxide were 
considered the primary requirements. 


The synthetic method for nanoparticle production was chosen from dozens 
of possible approaches. Despite the complex setup and high temperatures, 
thermal decomposition of iron-oleate was selected mostly for its scalability, price, 
reproducibility and high nanoparticle quality.!* For the surface functionalization 
less information was found in literature. Covalent surface modification is hardly 
described for oleic acid-coated magnetite NP and the available procedures were 
rather unreproducible during the initial tests. Therefore a new method was 
developed that was capable of introducing siloxane ligands covalently on the 
surface of iron oxide. The ligands required for the successful development of 
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the nanoparticle platform, needed several properties, such as improved colloidal 
stability of the NP and the possibility to perform subsequent coupling chemistry, 
combined with the presence of a siloxane group for covalent bonding to the 
surface. Since this product was not commercially available, a new synthesis 
was developed, keeping in mind that it should be highly reproducible, but also 
cost-effective (in terms of starting products) and easy to perform. Thiol-ene 
click chemistry was used in this regard and proved to be a valuable approach 
towards the synthesis of a highly effective new ligand. 


Outline 


The second chapter will explain in more detail how the NP were synthesized 
and introduces the new functionalization procedure that was developed. Several 
characterization techniques were used at this stage to fully characterize the 
core material. The surface modification procedure was tested thoroughly by 
introducing multiple different siloxane molecules onto the surface of iron oxide 
NP. Moreover their colloidal stability in buffer systems was investigated, which 
was correlated with their zeta potential. 


Because the commercially available siloxane ligands do not have the required 
functionalities, a new ligand molecule was designed and synthesized. Chapter 
three gives an overview about the synthetic details and how the ligand was 
introduced onto the NP. Furthermore, Ab were coupled to the molecule to 
underline its potential in biomedical applications. ELISA was introduced at this 
point as a new approach to quantify the amount of coupled proteins on the NP. 
The activity of these bioconjugated particles was tested by SPR measurements. 


Functionalization of metal oxide surfaces by siloxanes is a well-established 
approach, even though some side reactions are generally ignored. Since 
functional groups on the siloxanes can interact with the surface itself, correct 
orientation is hard to control. In the fourth chapter a generalized methodology 
is presented that fully solves the issues related to the usage of functional siloxanes. 
Protective groups were used to ensure that no unwanted interactions could occur. 
To underline the potential of this approach, six different functional groups were 
introduced onto iron oxide NP. It was observed that the colloidal stability of 
the resulting product is far better compared to the traditional functionalization 
methods. 


To prove that the developed ligands and in a broader sense the NP are capable 
of performing efficient and selective magnetic separations, we designed an 
experiment that supports this hypothesis. L. pneumophila bacteria were 
magnetically separated from an aqueous solution by making use of particles, 
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conjugated with Ab that target the bacteria. These experiments are explained 
in chapter five. 


In the appendix, three techniques that are not standard in chemical sciences 
will be explained to support the reader. 


The presented results summarize the development of a generic nanoparticle- 
based magnetic separation platform with excellent colloidal stability in complex 
environments, while being cost-effective and straightforward to perform. 


Chapter 2 


Functionalization of oleic 
acid-coated iron oxide 
nanoparticles 





This chapter is based on the following publication with minor modifications: 


Bloemen M, Brullot W, Luong TT, Geukens N, Gils A, and Verbiest T 
Improved functionalization of oleic acid-coated iron oxide nanoparticles for 
biomedical applications 

Journal of Nanoparticle Research 2012; 14: 1100-1109 


Dr. W. Brullot performed the VSM experiments and analyzed the results. T. T. 
Luong helped with the zeta potential measurements. 
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Abstract 


Superparamagnetic iron oxide NP can provide multiple benefits for biomedical 
applications in aqueous environments, such as magnetic separation or MRI. To increase 
the colloidal stability and allow subsequent reactions, the introduction of hydrophilic 
functional groups onto the particles’ surface is essential. During this process, the 
original coating is exchanged by preferably covalently bonded ligands, such as trialkoxy 
silanes. The duration of the silane exchange reaction, which commonly takes more 
than 24 hours, is an important drawback for this approach. In this paper we present 
a novel method, which introduces ultrasonication as an energy source to dramatically 
accelerate this process, resulting in high quality water-dispersible NP, around 10 nm 
in size. To prove the generic character, different functional groups were introduced 
on the surface, including polyethylene glycol chains, carboxylic acid, amine and thiol 
groups. Their colloidal stability in various aqueous buffer solutions as well as human 
plasma and serum was investigated to allow implementation in biomedical and sensing 
applications. 


2.1 Introduction 


For many years, iron oxide NP have been the subject of intensive research. These 
cost-effective and non-toxic particles are used nowadays in many applications, such 
as magnetic storage, drug delivery, biosensing, magnetic separation and contrast 
reagents for imaging techniques.7?!° A common method to make such particles is co- 
precipitation, where iron (II+) and (III+) ions are dissolved in water and precipitated 
using ammonia or sodium hydroxide.'!° Drawbacks are the poor monodispersity and 
irregular shape of these particles. Recently, multiple methods have been published to 
synthesize very monodisperse NP in organic solvents. Sun et al. made high quality 
magnetite nanocrystals with small size distribution by thermal decomposition of iron 
(III) acetylacetonate in phenyl ether.‘* A similar method, reported by Park et al., 
uses iron oleate as a precursor and oleic acid as a capping agent.!” This results in NP 
with a hydrophobic coating, since the polar end groups are attached to the surface. 
Capping agents such as oleic acid are often used because they form a protective 
monolayer, which is strongly bonded. This is necessary for making monodisperse and 
highly uniform NP.1!!1!? For biomedical applications in aqueous environments, this 
hydrophobic coating has to be replaced with a hydrophilic coating. The so-called 
ligand exchange is well-known for noble metal NP where for instance thiol groups 
attach strongly to the surface, thereby forming monolayers by self-assembly. A similar 
approach is possible for iron oxide NP by using polymers or a-cyclodextrin.'!? 1° 
Since these layers are often not covalently bonded to the surface, high ionic strength 
or extreme pH conditions might alter their interaction. An elegant alternative is 
silane chemistry, which is based on the reactivity of silanol molecules, formed by 
the hydrolization of alkoxy silane.'4°1!” A high degree of control and reproducibility 
is possible, when the appropriate reaction conditions are chosen. The possibility 
to introduce a large variety of functional groups onto the surface of magnetic NP 
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makes this approach very valuable. Other advantages are the high stability and 
density of the formed silicon oxide layer. However, introducing silane molecules onto 
the surface of oleic acid-stabilized NP has only been scarcely reported so far. De 
Palma et al. described a method, which uses hexane as a solvent and acetic acid 
as a catalyst to form the reactive silanol molecules.''*® Larsen et al. published a 
protocol with toluene as the solvent and water being the catalyst; triethylamine was 
added to facilitate the reaction.'!® Kohler et al. also managed to introduce silanes 
but pre-treated the oleic acid coating with a mixture of 1M ammonium hydroxide 
in 1-butanol.'2° These methods have serious drawbacks, e.g. the extensive reaction 
time (24-72h) or pre-treatment procedure. In this chapter we present an improved 
nanoparticle functionalization method. The obtained superparamagnetic NP are 
thoroughly characterized by transmission electron microscopy (TEM), X-ray powder 
diffraction (XRD) and vibrating sample magnetometry (VSM). Infrared spectroscopy 
is used to confirm the presence of the functional groups on the surface after reaction 
with silane molecules. By performing this reaction in an ultrasonication bath, the 
reaction time is greatly reduced, while avoiding cross-linking thus maintaining the 
monodispersity. The colloidal stability of the resulting NP was extensively tested 
in different aqueous media at several pH’s as well as in human serum and plasma, 
which demonstrates their applicability in biomedical applications. A large variety of 
functional groups were introduced to the surface, proving the generic character of the 
method. 


2.2 Materials and methods 


Materials 


Sodium oleate and iron (III) chloride hexahydrate (97%) were obtained from Sigma 
Aldrich, ethanol (absolute) and oleic acid from VWR and heptane and toluene from 
Fisher Scientific. Triethyl amine was ordered at Janssen Chimica. Acetone was 
purchased at Chem Lab. Methoxy (polyethyleneoxy) propyl trimethoxy silane (90%, 
9-12 PE-units), 3-Mercapto propyl trimethoxy silane (95%), N-(Trimethoxysilylpropyl) 
ethylenediamine triacetic acid trisodium salt (45%) and 3-Amino propyl trimethoxy 
silane (97%) were obtained from ABCR. 1-octadecene (90%, technical grade) was 
purchased at Acros. 


Synthesis of NP 


Superparamagnetic iron oxide nanoparticles were prepared using the method published 
by Park et al., with minor modifications.'? It consists of two separate reactions, first 
preparing an iron-oleate precursor, which is later on transformed into iron oxide 
nanocrystals. For the synthesis of the precursor, sodium oleate (36.5 g, 120 mmol) and 
iron (III) chloride hexahydrate (36.5 g, 120 mmol) were dissolved in a mixture of 80 mL 
ethanol, 60 mL MilliQ water and 140 mL heptane. This mixture was heated to reflux 
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at 70°C, for 4 hours under an argon atmosphere. Afterwards the upper heptane layer, 
which contains the iron-oleate, was separated using a separatory funnel and washed 
three times with 40 mL MilliQ water. As a final step, the heptane was evaporated 
using a rotavapor, resulting in a dark brown waxy solid. The iron oxide NP synthesis 
starts with mixing iron-oleate (36 g, 40 mmol) with oleic acid (5.7 g, 20 mmol) and 
200 g of 1-octadecene in a 500 mL three-neck flask. This mixture was first heated to 
100°C for 5 min to evaporate all remaining heptane. After fitting a reflux cooler, the 
mixture was heated further to 320°C and kept at that temperature for 30 min. Around 
250°C, the decarboxylation of the oleate starts, producing a large amount of COz gas. 
Afterwards the reaction mixture is cooled down to room temperature by removing 
the heat source. 500 mL of ethanol is added to precipitate the freshly prepared NP. 
Separation was done by centrifugation, after which the particles were washed three 
times with ethanol. After drying, the nanocrystals were dispersed in heptane (with 
one drop of oleic acid) in high concentration (100 mg/mL) for long-term storage. 


Functionalization 


The new protocol presented here was partially based on a method published by Larsen 
et al., but with important modifications.'!® In a typical functionalization experiment, 
100 mg of iron oxide nanoparticles (in heptane, stock solution) were mixed with 50 mL 
of toluene. To this mixture, 2.5 mL of triethylamine, 0.05 mL of MilliQ water and 0.5 
mL of the desired silane were added. The beaker was then placed in an ultrasonication 
bath for 5 hours. The temperature of the water inside this bath was kept at 50°C 
during the reaction. Afterwards, the volume of the reaction mixture was doubled by 
adding heptane to the solution, 50 mL in this case. The mixture was placed on a 
magnet to precipitate the functionalized nanoparticles. The supernatant was decanted 
and the particles were washed 3 times with acetone and precipitated by a magnet. 
After drying under reduced pressure for 15 min, the sample was weighed and dissolved 
in MilliQ water or the appropriate medium. 


Equipment & Characterization 


The ultrasonication bath used in the particle functionalization was a Bransonic 
Model 5510 sonicator with a capacity of 10 liters. The built-in heating was never 
used. TEM measurements were performed on a 80 kV Zeiss EM-900 using 300 mesh 
Formvar coated copper grids. Distribution data were calculated using ImageJ. Oleic 
acid coated nanoparticles were dispersed in heptane and deposited onto the grid. 
Fourier transform infrared (FTIR) spectra were obtained by a Bruker Alpha FTIR 
spectrometer, equipped with a Platinum ATR module. Dynamic light scattering and 
zeta potentials were measured on a Brookhaven 90plus particle analyzer. The internal 
detector was positioned at 90 degrees. UV-VIS Spectrometry was performed on a 
Perkin Elmer Lambda 900 spectrometer. VSM experiments were conducted on a VSM 
Maglab setup from Oxford Instruments. XRD spectra were obtained in reflection 
(Bragg-Brentano geometry) by a Rigaku Rotaflex diffractometer, fitted with a Rigaku 
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RU-200B rotating Cu-anode (A = 1. 54 A) at a power of 4 kW. The diffracted X-rays 
were collected after Ni-filtering on a scintillation counter. Samples were deposited 
on a glass microscope slide from solution. Samples, to test the colloidal stability, 
were prepared by adding a concentrated nanoparticle dispersion (in water) to the 
appropriate medium. The protocol for collection of human plasma and serum is 
described in the supporting information at the end of this chapter. Absorbance values 
were measured at a wavelength of 1000 nm. 


2.3. Results & Discussion 


Characterization of the core nanoparticle 


Efficient surface modification of superparamagnetic NP is crucial for their application 
in biomedicine. Recent advances in high temperature syntheses already improved the 
shape and monodispersity of the core. As mentioned before, these particles are only 
soluble in apolar solvents, because of their oleic acid coating. To change the polarity of 
the layer to being hydrophilic, a ligand-exchange is essential. We preferred interaction 
with alkoxy silanes to polymers because of the covalent bond formation, resulting in 
more versatile and robust nanoparticles. The reaction mechanism is shown in Figure 
2.1. After formation of the active silanol molecule, it reacts with the surface OH 
groups of the iron oxide nanoparticle. This results in the formation of a Fe-O-Si bond. 
Metal oxides are known to have reactive hydroxyl groups present on their surface, 
caused by the adsorption of water.!® This is similar to functionalization of silicon 
oxide substrates.°? The density and structure of the shell depends largely on the 
reaction conditions, being a combination of linear polymerization, network formation 
and covalent attachment to the iron oxide surface. Although chlorosilanes would react 
faster than alkoxy silanes, we opted for the latter. Chlorosilanes release hydrogen 
chloride upon reaction, which is incompatible with iron oxide. On top of that, their 
reactivity is often too high to allow sufficient control of the reaction. The nanoparticle 
synthesis published by Park et al. allowed us to make high quality spherical NP at 
large scale.!? Figure 2.2 shows a TEM image of the oleic acid coated NP. As can be 
seen in the inset, the nanoparticle distribution is narrow. A mean size of 9.3 nm was 
calculated by a Gaussian fit, with a spread of +1.6 nm (one sigma). 





Since superparamagnetism is an important property of the NP, VSM measurements 
were performed. Figure 2.3 shows the data of the oleic acid coated particles. The 
applied field was varied between four and minus four Tesla, while recording the remnant 
magnetization. No coercivity or magnetic remanence is observed, which is typical for 
superparamagnetic NP. The hysteresis loop can be fitted by a Langevin function to 
deduct the size of the magnetic core. In this case a core diameter of 10.5 nm was 
obtained. This value is comparable to the size determined by TEM measurements. 


The crystal structure of the oleic acid coated iron oxide NP was determined via 
XRD (step size = 0.05°, dwell time = 40 sec). As Figure 2.4 indicates, the spectrum 
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Figure 2.1: Overview of the chemical reactions during the functionalization of iron 
oxide NP with silanes. The formation of the silanol molecule occurs by reaction with 
water. Subsequent polycondensation renders a silane network on the surface of the 
nanoparticle. 


closely resembles the reference spectrum of magnetite. However since the difference 
between maghemite and magnetite is very subtle in XRD, no conclusions about 
the exact composition can be drawn. Therefore, we can only state that the crystals 
produced in the synthesis are superparamagnetic iron oxide NP, consisting of magnetite, 
maghemite or a mixture of both. By using the Scherrer equation, the crystal size 
can be derived from the peak broadening in the spectrum.?° Using MDI Jade, the 
(400) peak was fitted with a pseudo-Voight function after polynomial background 
subtraction, resulting in a size of 9.3+0.7 nm. This value corresponds very well 
with the size determined by TEM measurements. Compared to previously reported 
functionalization methods, the method presented here has several advantages. (1) The 
reaction time is reduced to 5 hours compared to 24 or 72 h as described by Larsen 
et al. and De Palma et al.''®1'® (2) By using a sonicator, crosslinking of particles 
during the reaction is strongly reduced thereby maintaining the monodispersity of 
the NP. In this case the exact mechanism is unknown but in general, sonication of 
a solution introduces microbubbles, which subsequently implode. These implosions 
generate high temperatures inside and around the cavity, as well as a shock wave upon 
collapse. The surrounding liquid quickly disperses the heat, allowing the use of fragile 
organic materials.'?1"1?* (3) Another advantage is the elevated concentration of NP 
(2 mg/mL) during the synthesis, which reduces the amount of solvent needed. The 
functionalization procedure was performed with four different trialkoxy silanes. PEG, 
carboxylic acid, amine and thiol groups were introduced on the surface for various 
reasons. Thiol and amine groups are excellent anchor points for subsequent coating 
with a gold layer, by e.g. reduction of a gold containing salt. This is particularly 
useful in biomedical applications where the plasmonic response of gold is used to 
heat the environment or to release drugs at a specific location.**'°4 PEG chains on 
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Figure 2.2: TEM image of oleic acid-stabilized iron oxide NP. The scale bar represents 
20 nm. The inset shows the size distribution: 9.31.6 nm 





the surface, on the other hand, provide the NP with excellent dispersibility in water. 
These particles can be used to form magnetic fluids for applications like magnetic 
hyperthermia or thermo-ablation.!?? The introduction of carboxylic acid and amine 
groups can be utilized for bioconjugation of proteins to the NP. Typical chemical 
coupling reagents like EDC-NHS or glutaraldehyde, link these functional groups to 
the target protein via an amide or imine bond. These bioconjugates are often used for 
detection and magnetic separation. 


Successful modification of the NP’ surface was confirmed by FTIR measurements. 
Table 2.1 gives an overview of the vibrations measured on the oleic acid and silane 
coated particles. For the unmodified iron oxide cores, the characteristic bands of 
the asymmetric stretching, symmetric stretching and scissoring of CH are visible at 
2919, 2850 and 1436 cm™, respectively.1!?174!"> The stretching of the C=O double 
bond is clearly shown by the peak at 1709 cm~+. This was expected since the peak 
resembles free oleic acid, indicating that a significant amount of unbound surfactant 
is present, which can be related to the storage conditions. The presence of a peak 
at 1462 cm~', coming from in-plane OH bending, supports this idea. Zhang et al. 
reported that the C=O peak shifts to 1541 and 1639 cm~! when the molecule is 
attached to a ferrite surface.!!? The carboxylic acid groups are then present in a 
COO™ conformation. If the spectrum is magnified, these vibrations are also visible 
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Figure 2.3: VSM signal of the NP, showing a hysteresis curve. The data points are 
fitted by a Langevin function to determine the magnetic core size. 


Table 2.1: Overview of the different vibrations, related to the different coatings around 
the nanoparticle. The original spectra can be found in the supporting information 
(see Figures 2.6, 2.7, 2.8, 2.9, 2.10) at the end of this chapter. 





Surface of Fe;0, IR vibrations (cm~‘) 





Oleic acid 3005 (HC=), 2919 (CH), 2850 (CH), 1709 (C=O), 1635 (COO-), 
1541 (COO), 1462 (OH), 1436 (CHz), 598 (Fe-O) 
COOH silane 3600-3000 (OH), 2932 (CH2), 1612 (COO7), 1452 (CH), 1396 (COO-), 
1113 & 1089 & 1007 (Si-O), 585 (Fe-O) 
PEG silane 3600-3000 (OH), 2860 (PEG CHy), 1643 (HzO), 1454 & 1349 & 1297 
& 1250 & 1047 & 947 (CHp-O-CHp), 1198 (O-CH3), 620 (Fe-O) 
NH) silane 3004 (OH & NHp), 2922 (CH), 2850 (CHs), 1543 (NHf), 
1400 (CH3;COOH), 1224 (Si-C), 1073 (Si-O-R), 773 (NH), 617 (Fe-O) 
SH silane 3600-2500 (OH & CHz), 2600-2550 (SH), 1645 (HO), 1430 (CH), 


1035 (Si-O), 590 (Fe-O) 
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Figure 2.4: X-ray powder diffraction spectrum of the oleic acid-coated iron oxide 
NP. The solid and dashed vertical drop-down lines represent the peak positions of 
a reference magnetite and maghemite spectrum, respectively (AMCSD 0007824 and 
0007899). 


in our case at 1541 and 1635 cm~’, although they are fairly small. The wavenumber 


separation (of 94 cm~') between those two peaks is an indication for how the oleate 
and the iron atoms on the surface interact. Because the difference is smaller than 
110 cm~’, a chelating bidentate interaction can be derived from the spectrum. The 
iron oxide core itself shows a characteristic vibration at 598 cm~+, related to the Fe-O 
bond.'!? The presence of carboxylic acid groups, after functionalization, is proven 
by the vibrations at 1612 and 1396 cm~+. These correspond to the asymmetric and 
symmetric stretching of the COO™ group, respectively. Other important features are 
the 1113, 1089 and 1007 cm~' bands due to the stretching of the Si-O bond.!?61?7 
The PEG silane shows distinct bands caused by the ether functions in the chain, 
to which several peaks between 1454 and 947 cm~’ can be attributed. The high 
hydrophilicity of the PEG chain is expressed by the presence of a water peak in 
the spectrum. Even after extensive drying this peak remains, indicating that the 
water is trapped by hydrogen bonding.''® Several papers already reported that more 
information about the structure of the PEG layer on the nanoparticle’s surface can be 
derived from the FTIR spectrum. Compared to these reports, the conformation of 
the PEG layer is partially crystalline and partially amorphous. Small shoulders at 
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Figure 2.5: Zeta potential values for PEG, carboxylic acid and amine coated 
nanoparticles in various pH solutions. Every data point was derived from 10 
measurements by the software. 


1244, 1460 and 1470 cm™ are present in the spectrum, indicating crystalline parts in 
the coating. On the other hand, also the amorphous bands are visible, at 948, 1140 
and 1250 cm~?!.1?8-!29 For the amino silane coated nanoparticles, the most important 
peaks are visible at 3004, 1543 and 773 cm~' corresponding to the protonated amines. 
Because this protonation was done by adding acetic acid, a peak at 1400 cm~' appears. 
Mercapto silane coated particles show a broad band above 2500 cm~!, consisting of a 
combination of OH, CHz and SH vibrations. Also a small peak caused by the presence 
of water is visible. Typical peaks for Si-O en Fe-O also appear, at 1035 and 590 cm~’, 
respectively. 


Colloidal stability 


Further experiments were only conducted on the PEG, COOH and amine coatings, 
since the thiol particles were only stable in water for a very short time, regardless 
the pH. In general, the stability of NP dispersed in aqueous media can be expressed 
by the zeta potential. Theoretically, it refers to the potential difference between the 
slipping plane in the electronic double layer and the bulk potential. If the potential 
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Table 2.2: Overview of the stability of the nanoparticles in buffer solutions: (+) stands 
for excellent dispersibility and stability in time (minimum 1 week), (+) corresponds 
to colloidal solutions that are stable for <4 days, (-) stands for dispersions which are 
stable for only a short period of time (between 5 and 10 hours). Concentration of 
nanoparticles in solution was 0.25 mg/mL. Criterion for stability was the absence of 
visible aggregation or precipitate. 















































Coating CH;COOH/CH;COONa CH;COOH/CH3;COONa MES/HCl 
100% pH 4 pH 5 pH 6 
0.1M 0.05 M 0.025 M 0.1M 0.05 M 0.025 M 0.1M 0.05M 0.025 M 
NH2 + + + + + + + + + 
PEG + + + + + 
COOH ee + + + + + + + + 
Coating NaH2PO,/Na,HPO, TRIS/HCl Glycine/NaOH 
100% pH 7 pH 8 pH 9 
0.1M 0.05 M 0.025 M 0.1M 0.05 M 0.025 M 0.1M 0.05M 0.025 M 
NH» : : : 3 
PEG + + + + + + + + + 
COOH + + + + + + + + + 


























has an absolute value higher than 25-30 mV it is generally accepted that the particles 
are electrostatically stable.°* Although colloidal stability is related to electrostatic and 
steric repulsion, zeta potential measurements usually give a good indication. Figure 
2.5 shows the combined data of the PEG-, carboxylic acid- and amine-coated NP. A 
clear downward trend for the zeta potential of NH2 is visible when the pH increases. 
This can be related to the lowering of the surface charge due to deprotonation of 
the amine at high pH. A similar but reverse trend can be observed for COOH, since 
the acid becomes protonated at low pH, thereby losing its negative charge. The zeta 
potential would eventually approach zero at a pH lower than 4. For PEG-coated 
particles the zeta potential shows similar behavior, even though polyethylene glycol 
chains have no pH responsive groups. The incorporation of ions into the PEG layer 
can explain this trend, taking into consideration that sodium hydroxide and hydrogen 
chloride were added to adjust the pH of the solution.°°!3!. Nevertheless, the PEG 
coated particles were stable over the entire pH range, indicating that their stability is 
caused by steric repulsion rather than electrostatic repulsion. For the COOH-coated 
nanoparticles, solutions of pH 4 and 5 showed extensive aggregation and consequent 
precipitation. A similar effect was observed for the amine-coated particles, this time 
for dispersions of pH 7 to 9. The profound impact of the pH on the stability of 
COOH and NH» coatings shows that electrostatic repulsion is crucial for these types 
of dispersions.11%124126 


To study the effect of buffer solutions onto the colloidal stability, various dispersions 
with different salt concentrations were prepared. To our knowledge, no extensive 
studies have been conducted on magnetic nanoparticle dispersions in different buffer 
media at different pH’s and concentrations.'??:!°?. Nevertheless this information can 
be very valuable for subsequent reactions or applications of the nanoparticles. Five 
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commonly used buffer reagents were chosen, covering the entire pH range between 4 
and 9. These included sodium acetate, 2-(N-morpholino)-ethanesulfonic acid (MES), 
sodium hydrogen phosphate, 2-amino-2-hydroxymethyl-propane-1,3-diol (TRIS) and 
glycine. The concentration of the reagents ranged from 0.1 M to 0.025 M; while 
the particle concentration was fixed at 0.25 mg/mL. Table 2.2 provides an overview 
of the stability in different buffer solutions, each having 3 different concentrations. 
Carboxylic acid coated NP show excellent stability in different buffers above pH 4, 
which can be related to the presence of charged carboxylate groups on their surface, 
providing sufficient electrostatic repulsion. For the NH2 coated particles, the instability 
can be explained by the lack of charged functional groups. This is partially caused 
by the pH, which is too high for sufficient stabilization. On top of that, the high 
ionic strength and ion size largely influence the zeta potential. These results are in 
perfect agreement with the zeta potential measurements and the observed correlation 
between the presence of surface charges and colloidal stability. The particles with 
polyethylene glycol chains on their surface show good stability in phosphate, glycine 
and TRIS based buffer solutions. The instability in MES and acetate buffer however 
is somewhat unexpected, since the zeta potential measurements showed that PEG 
provides mainly steric hindrance, rather than electrostatic repulsion. Ion adsorption 
onto the coated surface is expected to be the cause of this instability. 


If superparamagnetic NP are used as for example a MRI contrast reagent, colloidal 
stability in (human) serum or plasma is crucial. To prove the value of the presented 
functionalization method, nanoparticle dispersions in both serum and plasma were 
prepared and their stability was monitored in time by absorption measurements (see 
supporting information at the end of this chapter). Human blood has a pH of 7.4, 
which will strongly influence the stability of the nanoparticles as was shown in previous 
paragraphs. Similar as for the dispersions in buffer solutions, three different coatings 
were tested, respectively amine, carboxylic acid and PEG functional groups. These 
NP were dispersed in serum and plasma at a concentration of 1 and 0.25 mg/mL. 
In accordance to the previous results, amine groups on the surface cannot provide 
sufficient electrostatic repulsion at pH 7.4, which resulted in a rapid decline of the 
absorbance. On the contrary, carboxylic acid groups and PEG chains should be able 
to provide sufficient stabilization in these conditions. This was observed in both cases, 
since the absorbance remained constant during the entire experiment, which lasted 48 
hours. These results indicate that the PEG and carboxylic acid coated nanoparticles 
can be of great importance for future in vivo experiments. 


An important remark about the use of NP in biomedical applications is their possible 
toxicity towards cells. Although many conflicting results were published about the 
toxicity of superparamagnetic iron oxide NP, a study by Mahmoudi et al. showed 
that the surface coating as well as the cell type itself has a large influence on the 
possible toxic effects.171!” They state that the introduction of a functional surface 
coating lowers the toxicity. Tartaj et al. reported that the size, shape and magnetic 
dipole moment of the particle also play a role in in vivo experiments.'** Properties 
of nanoparticles like longer sedimentation times, higher surfaces areas and smaller 
magnetic dipole-dipole interactions might facilitate their use. Nevertheless a study of 
the adverse effects towards their environment is necessary for every specific application. 
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2.4 Conclusions 


Oleic acid-coated NP were functionalized by reaction with trialkoxy silanes. The 
reaction takes place in an ultrasonication bath, which reduces the reaction time 
and prevents crosslinking. The successful coating procedure of the NP’ surface was 
proven by FTIR measurements. Multiple techniques (TEM, XRD, VSM) proved the 
composition of the magnetic core. The obtained functionalized NP can be dispersed 
in various aqueous environments, including human serum and plasma. Their stability 
under these conditions was addressed by zeta potential and absorbance measurements, 
showing a strong relation between the colloidal stability and the pH of the solution. 
Although PEG coated NP also exhibit this dependency, steric hindrance is expected 
to be more prominent here. In general, the generic method described here allows 
the introduction of various functional groups on the surface of the NP. This is 
particularly useful for subsequent coupling reactions to fluorescent probes, proteins or 
substrates. Therefore, we believe that this type of superparamagnetic NP can be of 
major importance for future research and applications in biomedicine. 
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2.5 Supporting information 


Protocol human plasma and serum 


Human serum and plasma were obtained by the following method: a blood sample 
from a healthy volunteer was collected in heparinized tubes (BD Vacutainer Systems) 
and spun at room temperature at a speed of 1300 g for 20 minutes in a swinging 
bucket centrifuge, with plasma harvested and stored at -20°C until assayed. For serum 
preparation, a blood sample from the same healthy volunteer was collected in SST 
Serum Separation Tubes (BD Vacutainer Systems), inverted five times and allowed to 
clot at room temperature for 30 minutes before centrifugation in a swinging bucket 
centrifuge for 20 minutes at 1300 g; the resultant serum was collected and stored at 
-20°C until assayed. 


FTIR spectra 


Following figures show the FTIR spectra of the coated NP. Oleic acid (Figure 2.6), 
carboxylic acid (Figure 2.7), PEG (Figure 2.8), amine (Figure 2.9) and thiol (Figure 
2.10) coatings were measured. 
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Figure 2.6: Infrared spectrum of oleic acid coated NP. 
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Figure 2.7: Infrared spectrum of NP coated with carboxylic acid groups. 
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Figure 2.8: Infrared spectrum of NP coated with PEG chains. 
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Figure 2.9: Infrared spectrum of NP coated with amine groups. 
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Figure 2.10: Infrared spectrum of NP coated with thiol groups. 
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Absorbance spectra 


The following figures combine the absorbance data of the amine (Figure 2.11), 
carboxylic acid (Figure 2.12) and PEG (Figure 2.13) coated NP respectively. The 
concentration of the NP was 1 or 0.25 mg/mL in serum or plasma, as indicated in 
the legend. Absorbance values were measured at a wavelength of 1000 nm. At pH 
7.4, the amine functionalized NP are not colloidally stable, resulting in a decrease in 
absorbance over time. The COOH and PEG coated particles on the other hand show 
excellent stability in these complex environments. 
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Figure 2.11: Absorbance data of the amine coated NP. The concentration of NP in 
serum or plasma was 1 or 0.25 mg/mL. 
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Figure 2.12: Absorbance data of the carboxylic acid coated NP. The concentration of 
NP in serum or plasma was 1 or 0.25 mg/mL. 
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Figure 2.13: Absorbance data of the NP coated with PEG chains. The concentration 
of NP in serum or plasma was 1 or 0.25 mg/mL. 
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Bloemen M, Van Stappen T, Willot P, Lammertyn J, Koeckelberghs G, Geukens N, 
Gils A, and Verbiest T 

Heterobifunctional PEG ligands for bioconjugation reactions on iron oxide 
nanoparticles 

PloS ONE 2014; 9: e109475 


T. Van Stappen performed the enzyme-linked immunosorbent assays and analyzed the 
results. Dr. P. Willot and Prof. dr. G. Koeckelberghs helped with the interpretation 
of the NMR and mass spectrometry results. Prof. dr. J. Lammertyn and his team 
were responsible for the SPR measurements and the data analysis. 
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Abstract 


Ever since iron oxide nanoparticles have been recognized as promising scaffolds 
for biomedical applications, their surface functionalization has become even more 
important. We report the synthesis of a novel polyethylene glycol-based ligand that 
combines multiple advantageous properties for these applications. The ligand is 
covalently bound to the surface via a siloxane group, while its polyethylene glycol 
backbone significantly improves the colloidal stability of the particle in complex 
environments. End-capping the molecule with a carboxylic acid, introduces a variety 
of coupling chemistry possibilities. In this study an antibody targeting plasminogen 
activator inhibitor-1 was coupled to the surface and its presence and binding activity 
was assessed by enzyme-linked immunosorbent assay and surface plasmon resonance 
experiments. The results indicate that the ligand has high potential towards biomedical 
applications where colloidal stability and advanced functionality is crucial. 


3.1 Introduction 


The potential of iron oxide NP in biomedical applications is widely recognized: they 
can act as MRI contrast agents, superparamagnetic carriers for drugs or are used 
in hyperthermia treatments.°4*:!%4 1°” By improving the synthesis of these particles, 
their quality and availability has largely increased.'*:!43*138-'49 When NP are used 
in biomedical applications, two requirements are often necessary. First, their colloidal 
stability in complex environments is crucial. If the particles become unstable in 
for instance blood, they will precipitate, possibly triggering severe inflammatory 
responses.!4!-143 Secondly, they should possess accessible anchor points for molecules 
or proteins to be coupled onto. This allows NP to selectively interact with certain 
targets or to carry drugs close to a desired location. However, functionalization of 
their surface has proven to be non-trivial. Although multiple different approaches 
have been developed, most of them lack a certain degree of control.?? Coating their 
surface with functional polymers is a straightforward method, but has cross-linking 
issues and allows little control over the thickness of the layer and orientation of 
functional groups.'** Since they are not covalently attached to the surface, they could 
potentially detach, which would make the particles precipitate. Growing an additional 
silica layer on the iron oxide core, on the other hand, has several advantages: the 
shell thickness can be well controlled and it is chemically inert.'*° However, the 
diameter of such NP increases by several nanometers, which is often not desired for 
biomedical applications.’4° This problem was circumvented by the introduction of 
functional siloxane molecules on iron oxide NP . They also form a silicon dioxide 
shell, albeit very thin, and they contain a functional group, which can have several 
advantages or uses later on.1!®:!47 Even though multiple variants of these silanes are 
commercially available, they often do not have the desired structure or properties. 
This can easily be related to the complicated handling of siloxane molecules. Since 
they react with water and are relatively intolerant to heat, modification reactions 
have to be limited in time and workup. Tucker-Schwartz et al. recently published an 
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easy method to avoid this direct modification of the siloxanes, by adopting thiol-ene 
click chemistry.‘*® Their approach allows to synthesize a very complex molecule first 
and attach a siloxane group as the final step. Click chemistry is a concept rather 
than a specific reaction, which comprises fast reactions with very high yields and 
non-aggressive by-products.!49©° In addition the reaction should be modular and 
have relatively simple reaction conditions. Very well-known examples are copper 
mediated azide-alkyne cycloadditions, thiol-ene and Diels-Alder reactions.°°1>! We 
developed a new ligand, based on a PEG backbone, and transformed it into a siloxane 
by straightforward thiol-ene click chemistry. By modifying the end-group of the 
backbone, functional groups were easily introduced onto the nanoparticle’s surface. 
The high purity and straightforward synthesis of the ligand makes this method very 
valuable for large scale and reproducible functionalization of iron oxide NP. This 
universal method requires only basic knowledge of organic chemistry and can be widely 
applicable by scientists without a substantial chemistry background. To investigate the 
full potential of the ligand, several Ab were coupled to its anchor groups (carboxylic 
acids) and their activity was assessed via fiber optic SPR experiments. As a model 
system, an antibody (MA-33H1F7) targeting the serine protease inhibitor (serpin) 
plasminogen activator inhibitor-1 (PAI-1) protein was selected.°? This protein is an 
important factor in the plasminogen-plasmin system since it inhibits plasminogen 
activators, tissue-type plasminogen activator and urokinase, which are involved in clot 
formation and degradation processes in blood.'°? These Ab were coupled to the NP 
by using popular EDC-NHS chemistry and their presence was investigated by ELISAs. 
To assess their potential in biomedical applications, their colloidal stability was tested 
in undiluted human plasma and serum. The results indicate that the developed ligand 
has high potential because of its elegant synthesis, its positive influence on the colloidal 
stability of the nanoparticle as well as its properties for antibody coupling chemistry. 


3.2 Materials and methods 


Materials 


2,2-dimethoxy-2-phenylacetophenone (DMPAP, 99%), 4-dimethylamino pyridine 
(DMAP, >99%), succinic anhydride (>99%), 1-Ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) and mercaptopropy1 trimethoxysilane (95%) were purchased from 
Sigma Aldrich. Allyl PEG10-OH was obtained from Polysciences, Inc. Triethylamine 
was ordered at Janssen Chimica. N-hydroxy succinimide (NHS, 98+%) was obtained 
from Alfa Aesar. 2-(N-morpholino)ethanesulfonic acid monohydrate (MES) was 
purchased at Fluka. The monoclonal antibodies (host: mouse) used in this study are 
MA-33H1F7 (target: human PAI-1/t-PA complex) and MA-T12D11 (target: human 
Thrombin Activatable Fibrinolysis inhibitor (TAFI)), supplied by the Therapeutic 
and Diagnostic Antibodies group of the KU Leuven.'®” All ultrasonication steps were 
performed in a Branson 5510 sonicator bath. FTIR spectra were measured using a 
Bruker Alpha FT-IR spectrometer equipped with a Platinum ATR module. 
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Synthesis of carboxylic acid-terminated PEG 


In a 50 ml flask, ally PEG10-OH (1 eq, 4,00 mmol, 1.992 g) was mixed with succinic 
anhydride (1.1 eq, 4.40 mmol, 440 mg) and 4-dimethylaminopyridine (DMAP) (0.02 
eq, 0.08 mmol, 9.7 mg). This mixture was stirred and heated to 50°C for 16 
hours. The resulting product was purified twice by precipitation in cold diethyl 
ether, centrifugation and drying in vacuum. 'H NMR (300 MHz, CDCls): 5 (ppm) 
2.65 (s, 4H), 3.6-3.7 (m, 38H), 4.02 (d, 2H), 4.26 (t, 2H), 5.16-5.30 (m, 2H), 5.8-6.0 
(m, 1H). ‘*C NMR (75 MHz, CDCls): 6 (ppm) 29.2, 29.5, 63.8, 68.9, 69.3, 70.5, 72.2, 
117.1, 134.7, 172.1. MS (chemical ionization, isobutane): m/z = 499 (ester fragment, 
M* - C4O3H), 101 (ester fragment, Mt - C3011 Hie) 


Thiol-ene click chemistry 


To form the siloxane-terminated PEG molecule, allyl-terminated PEG (mixture of 
modified and unmodified, 1 mmol) was mixed with (3-mercaptopropyl) trimethoxysi- 
lane (1 eq, 1 mmol, 185.7 L) and 2,2-dimethoxy-2-phenyl-acetophenone (DMPAP) 
(0.05 eq, 0.05 mmol, 12.8 mg). This mixture was stirred for 1 hour in a UV chamber, 
equipped with 3 LEDs (365 nm, output power 200 mW). If smaller quantities are used, 
a small amount of chloroform can be added to improve the stirring.‘4° The product 
was used without further purification. H NMR (300 MHz, CDCl): 6 (ppm) 0.76 (t, 
2H), 1.70 (m, 2H), 1.85(m, 2H), 2.55 (m, 4H), 2.64 (s, 4H), 3.57 (s, 9H), 3.5-3.8 (m, 
40H), 4.26 (t, 2H) 


Nanoparticle surface functionalization 


The synthesis of iron oxide NP as well as the introduction of siloxanes onto their surface 
was performed as reported in Chapter 2. In general, 1 mmol of siloxanes is mixed with 
100 mg of Fe304 NP in 50 mL of toluene. To this mixture 2.5 mL of triethylamine and 
50 wL of water are added. The solution was placed in a ultrasonication bath for 5 hours, 
after which 50 mL of heptane was added to precipitate the particles. Afterwards, they 
were attracted magnetically and washed 3 times with acetone. Finally the particles 
were dried in vacuum and dispersed in MilliQ water (with a concentration up to 
20mg/mL). 


Protein coupling 


The concentrated nanoparticle solution was diluted in 50 mM MES buffer, pH 5.5, 
to reach a final concentration of 3 mg/mL. 0.75 mg EDC and 0.75 mg NHS was 
added to 1ml of this solution and shaken for 20 minutes to activate the carboxylic 
acids. The antibodies were diluted in 2 mL of the same MES buffer after which 
both solutions were mixed and shaken for 1 hour. To separate the particles from the 
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solution, a Miltenyi Biotech MS magnetic column was used. After rinsing the column 
with MilliQ water, the nanoparticle dispersion was run through the column, which was 
placed inside a circular magnet. The column was washed 2 times with ImL of sodium 
phosphate buffer (20 mM, pH 7). To elute the particles, the column was removed 
from the magnet and 1mL of phosphate buffer was used as eluent. 


ELISA 


In the ELISA assay, recombinant PAI-1 is coated on the plate and free binding sites 
are blocked with bovine serum albumin. Samples are applied in different dilutions as 
well as a standard curve of MA-33H1F7.1°? After incubation, horseradish peroxidase 
(HRP) conjugated rabbit anti-mouse IgG (Sanbio B.V., Uden, The Netherlands) is 
applied, followed by an o-phenylenediamine (OPD) induced colorimetric reaction. The 
intensity of the color is directly correlated with the amount of bound MA-33H1F7. 
Sample values are calculated using the standard curve. 


SPR measurements 


An optical fiber was first coated with a gold layer, which was subsequently covered 
with a self-assembling monolayer (SAM). This thiol and carboxyl-terminated molecule 
was obtained from Dojindo molecular technologies. The SAM was activated by a 
solution containing 0.4 M EDC and 0.1 M NHS in a 50 mM MES buffer (pH 6.0) for 
20 minutes. Afterwards the fiber was brought into a solution containing the antigen, 
PAI-1 (24 pg/mL) for 25 minutes. Finally the fiber was transferred into a blocking 
solution (0.1 % tween and 0.05 % BSA). All subsequent experiments were performed 
with 1 mg/mL nanoparticle solutions. 


3.3. Results & Discussion 


Ligand Design 


The novel PEG-siloxane ligand was designed bearing two important characteristics in 
mind: having one accessible functional group and providing excellent colloidal stability 
to the nanoparticle. To ensure the first property, a PEG-oligomer end-capped with an 
allyl functionality was modified with succinic anhydride. This reaction was performed 
without solvent, since the anhydride dissolves in PEG at elevated temperatures. DMAP 
was added, as a catalyst, to speed up the reaction.'°* The available hydroxyl group at 
the end of the PEG chain reacts with the anhydride, resulting in a free carboxylic 
acid (see Figure 3.1). This product was purified once by precipitating it in diethyl 
ether, which removed traces of the catalyst and excess anhydride. 
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Figure 3.1: Allyl-terminated polyethylene glycol was modified by reaction with succinic 
anhydride. DMAP catalyzes this reaction. Subsequently the allyl functionality is 
reacted with a thiol-containing siloxane molecule, by thiol-ene click chemistry, which 
yields the final carboxylic acid-terminated PEG-siloxane. 


The second step of the ligand synthesis involved a click chemistry reaction. We opted 
for this approach, since working with siloxanes is difficult. They react with moisture 
and are not resistant to prolonged heating.'*® The thiol-ene click chemistry, on the 
other hand, is fast and takes place at room temperature. Another great advantage 
of this approach is that the final siloxane molecule can be added directly to the 
functionalization solution, without additional workup. Any traces of the radical 
initiator or its by-products are inert in this reaction. Even though the functionalized 
PEG molecule could provide sufficient steric hindrance, which ensures colloidal stability 
of the nanoparticle, we chose to mix modified and unmodified PEG siloxanes during 
the functionalization step.14” Thus, the nanoparticle is covered with a complete PEG 
shell, where the modified chains are sterically available, since they are longer. From 
the FTIR data (data in the supporting information at the end of this chapter, Figures 
S1 and S2) was derived, that even though the chain length of the ligand is sufficiently 
short to enhance the stacking of the molecules (crystalline domains), a small percentage 
is coiled (amorphous domains).'*” Because only a small part of the ligands have a 
carboxylic acid functionality, the overall pH sensitivity is reduced. The end result 
(idealized) is shown in Figure 3.2: carboxylic acid groups are now available as anchor 
points for future reactions. By FTIR measurements, the presence of modified PEG 
chains was observed (data in the supporting information at the end of this chapter, 
Figures $1 and $2). All further experiments were conducted on nanoparticles coated 
with 90% unmodified and 10% modified PEG siloxanes (molar percentages). These 
functionalized NP show excellent colloidal stability in multiple different environments. 
Similarly to Chapter 2, we tested the stability in undiluted human serum and plasma 
(data in the supporting information at the end of this chapter, Figure §3).147 The 
nanoparticles (8.6+0.6 nm, TEM data in the supporting information at the end of 
this chapter, Figure S5), coated with mixed siloxanes, clearly showed the properties 
of both PEG and carboxylic acids. In particular they show enhanced stability in pH 
ranges above 5, where the carboxylic acids are charged (picture in the supporting 
information at the end of this chapter, Figure $4). In media like serum or plasma, no 
precipitation was observed, even after 25 hours at room temperature without agitation. 
NP were also coated with 100% modified PEG siloxanes, but these particles had 
significantly lower colloidal stability in these acidic environments (pH 5-6), due to the 
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Figure 3.2: The available carboxylic acid groups are activated with EDC-NHS 
chemistry. The resulting NHS ester reacts with amine groups of the antibody in 
a MES buffer. Finally the particles are recovered from the supernatant by a magnetic 
column. 


lack of stabilizing charges. Steric stabilization by the PEG chains was not sufficient in 
this case, since to much carboxylic acids were present. We therefore decided to focus 
on nanoparticles with mixed siloxane coatings. 


Bioconjugation 


Covalent attachment of the selected Ab onto the NP was performed via a standard 
EDC-NHS coupling.'®® The mechanism is based on the activation of the carboxylic 
acid with EDC, which forms an unstable acylisourea intermediate. This intermediate 
reacts with NHS to form a stable ester that exhibits enhanced stability in aqueous 
environments. Although this extra step is not strictly necessary, it greatly improves 
the binding efficiency, by reducing the occurrence of side reactions on the acylisourea 
intermediate. All reactions were performed in a slightly acidic buffer (MES 50mM, 
pH5.5), which improves the final coupling reaction on two domains. First, the low 
pH enhances the activation of the carboxylic acid by EDC.*? Secondly, the formed 
NHS ester has substantially lower hydrolysis rates below pH 7.*° Further protein 
crosslinking (second, third, ... layer) is reduced by the slow reaction rate of the 
partially protonated amines.®* A slower reaction rate was preferred in this procedure, 
since the formation of a protein corona is also a thermodynamically favorable process. ”° 
A higher reaction rate could result in coating the NP with multiple layers of proteins 
and crosslinking between different NP . Afterwards the conjugated NP were purified by 
a magnetic column, which has a very large surface area, since normal attraction with a 
magnet was too time-consuming. This was necessary because of the excellent colloidal 
stability of the NP in the buffer, which dramatically slows down the attraction rate. 
If the NP were precipitated by a highly concentrated salt solution, it was difficult to 
redisperse them afterwards. Using a magnetic column also enabled us to wash the 
particles while they were retained on the column. After removing the magnetic field 
from the column, the particles were easily collected by eluting with a PBS buffer. 
In this study, we opted for two different Ab: MA-33H1F’7, targeting PAI-1, and 
MA-T12D11, targeting TAFI, as the negative control.'°?'°® 


Multiple methods are available to determine the concentration of proteins on NP; 
however not all are appropriate when iron oxide is involved. Colorimetric methods like 
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Figure 3.3: If EDC-NHS coupling reagents are added to the mixture of NP and Ab, 
slightly more proteins are retained on the Ab. This indicates that a small level of 
crosslinking occurs. When a large amount of Ab (without coupling reagents) is added, 
no significant difference is observed, which shows that only a hard corona remains on 
the NP after washing. All error bars are shown as the percentage error on the total 
value. 


the Bradford assay are influenced by the strong light absorption of the black NP , which 
makes the results difficult to interpret.'°” FTIR spectroscopy can only confirm the 
presence of proteins but is not appropriate for assessing the concentration. We opted 
for an ELISA assay in this case, whereby the remaining proteins in the supernatant and 
washing fractions were determined. This way, the amount of proteins on the surface of 
the NP can easily be calculated. As a comparison, NP and Ab were also mixed in the 
absence of coupling reagents, so only aspecific adsorption could occur (protein corona 
formation).”°1°8 Hence this would set a benchmark for the protein concentration of 
the hard corona formation (without possible protein crosslinking).’?1°? When the 
concentration of proteins was increased ten times (see Figure 3.3), the amount of 
adsorbed proteins does not change significantly. This indicates that the washing steps 
remove all proteins, except the hard corona, which is more strongly attached to the 
surface.’*:1°9:169 Since all three experiments without coupling reagents (including error 
bars) give a similar value, we learned that the hard protein corona corresponds to 
15-20 micrograms of proteins per milligram nanoparticles, which is similar to literature 
for particles of comparable size and shape.1°%16! 165 When we added the coupling 
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Figure 3.4: A multimode optical fiber was coated with a gold layer, a self-assembling 
monolayer (SAM) and the appropriate Ag (PAI-1), as shown in the inset. The SPR 
shift caused by the NP, coated with MA-33H1F7 or MA-T12D11, is clearly visible. 


reagents (25 + EDC-NHS), we obtained a result that was comparable, but slightly 
higher in value. This indicates that a small amount of crosslinking is occurring, which 
can be expected for EDC-NHS reactions involving proteins. However the coating 
of the nanoparticles is close to the optimal value (solely the hard corona), which 
underlines the quality of the coating and the coupling procedure. 


Activity assessment 


Although an ELISA can determine the loading capacity, it is incapable of assessing 
the activity of the coupled antibodies on the spherical nanoparticles. To investigate 
the ability of the Ab to recognize their Ag, the nanoconjugates were brought into 
contact with a PAI-1-coated SPR optical fiber. By looking at the shift in the plasmon 
wavelength, the interaction between Ab and Ag can be assessed. A standard multimode 
optical fiber was coated with a gold layer and a self-assembling monolayer with 
carboxylic acid end-groups.'®° To these groups, PAI-1 was coupled via EDC-NHS 
chemistry (Figure 3.4). When the nanoparticles were brought into contact with the 
fiber, they induced a shift in the plasmon resonance relative to their binding efficiency. 
The binding, as a whole, is the sum of two separate interactions: the protein corona 
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effect and the antibody-antigen (Ab-Ag) bond. The first is caused by the aspecific 
interaction between the Ab and the Ag, similar to the formation of a second (soft) 
corona, this cannot be avoided and hence is viewed as a background in the signal. 
The latter, however, is specific for each Ab-Ag couple. In this experiment, one can 
clearly see the difference in SPR shift, caused by the Ab-Ag interaction. An extra shift 
of more than 8 nm was measured by the SPR-fiber setup when comparing the NP , 
coated with MA-33H1F7 (targeting PAI-1) or MA-T12D11 (targeting TAFI). This 
result ensures that, although the Ab are coupled in a random fashion, their activity 
is retained and they are still partially sterically accessible. We hypothesize that a 
large fraction of the Ab indeed lose their activity due to an unfavorable direction of 
bonding. However, the strongly curved, large surface of the NP allows a high overall 
antibody loading capacity that partially compensates for the losses in activity. Future 
experiments will focus on employing a more directional coupling strategy, which will 
give us more insight in this complex relation. 


The excellent colloidal stability of the NP, coated with the PEG-ligand, will allow 
to use the particles for various biomedical applications. Since the ratio of functional 
ligands can easily be adjusted, a library of mixed-monolayer nanoparticles can be 
synthesized for future experiments. Similarly, the core size of the NP can be varied, 
to control the overall size of the bioconjugates. This can have an important influence 
on their cell uptake or retention time in vivo.1®” 16 Moreover, they can serve as a 
platform for the bioconjugation of proteins for multiple applications like selective 
magnetic separation or MRI contrast agents. 


3.4 Conclusions 


In order to fully customize the surface coating of iron oxide NP, a PEG building block 
was modified with carboxylic acid groups and afterwards attached to a siloxane via 
thiol-ene click chemistry. These ligands were introduced onto the NP’ surface, which 
significantly improved the colloidal stability in complex environments. To prove their 
added functionality, Ab were coupled to the carboxylic acid end-groups. An ELISA 
was performed to indirectly determine the amount of coupled proteins, while SPR 
experiments confirmed their activity. Because these ligands provide excellent colloidal 
stability and can also act as an anchor point for coupling via a simple modification, 
they have high potential in future nanoparticle design for biomedical applications. 
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Figure 3.5: Scheme of the thiol-ene click chemistry reaction, after the formation of 
a thiyl radical by the initiator, a propagation step forms the bond to the alkene. A 
chain transfer reaction forms the new radical on another thiol-containing molecule. 


An ideal thiol-ene reaction is an alternation of a radical propagation and chain transfer 
reaction. The propagation step involves the addition of a thiyl radical to a double 
bond, while the chain transfer step involves the abstraction of a hydrogen radical 
from the thiol by the carbon-centered radical. Ideally, no polymerization reactions, 
chain growth by propagation of the carbon radical onto another double bond, occur. 
It has been proven that the thiol-ene kinetics are largely dependent on the electron 
density of the double bond and steric hindrance.'°!'1°°:!”° Because of the fast kinetics, 
limited side reactions and high yields, the thiol-ene reaction is categorized under 
click chemistry reactions. Other typical examples are copper mediated azide-alkyne 
cycloadditions, Diels-Alder reactions or ring openings of strained heterocycles.'°° 
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Figure 3.6: FTIR spectrum of the original allyl-PEGio-OH ligand and the modified 
version. The ester peak at 1725 cm7* is clearly visible after the ring opening of the 
anhydride, while the -OH peak around 3500 cm~! disappears. 


Transmission 























0.5-| —— Allyl-PEG10-COOH 
— Fe304 10%PEG10-COOH 
—— Fe304 Oleic acid 
04+— ———+ + : : + 





T T T T T 
4000 3500 3000 2500 2000 1500 1000 500 


Wavenumber (cm) 


Figure 3.7: FTIR spectrum of the allyl-PEGio-COOH ligand, the oleic acid-coated 
and the modified iron oxide NP. The ester peak is still clearly visible at 1725 cm™, 
as well as the different PEG vibrations between 1250 and 1500 cm~'. The presence of 
the iron oxide NP is confirmed by the Fe-O and Si-O vibrations at respectively, 590 


and 1100 cm7?. 
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Figure 3.8: Absorbance of nanoparticle dispersions in plasma and serum. To verify 
the stability of the functionalized NP in complex environments; the absorbance of 
dispersions in plasma and serum was measured at 1000 nm. The particles were 
dispersed at 1 mg/mL and the absorbance was monitored for 25 hours. A significant 
decrease of the absorbance would indicate colloidal instability and precipitation of the 
NP. 
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Figure 3.9: The colloidal stability of the nanoparticle dispersions is excellent, even 
after 1 year of storage. The samples (5 mg/mL in water, pH 7) shown above have the 
following coatings (molar percentages): A, 100% PEGi9-OH; B 10% PEG19-COOH 
90% PEGio-OH; C, 25% PEGio-COOH 75% PEGio-OH; D, 50% PEGio-COOH 50% 
PEGi0-OH 


TEM data 








Figure 3.10: TEM image of the iron oxide NP (8.6+0.6 nm). Their size was determined 
by ImageJ software. 
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This chapter is based on the following publication with minor modifications: 


Bloemen M, Sutens B, Brullot W, Gils A, Geukens N and Verbiest T 

Two-step directional surface modification of iron oxide nanoparticles via protected 
siloxanes 

ChemPlusChem 2014; 80: 50-58 


B. Sutens helped with the click chemistry reactions and particle functionalization. Dr. 
W. Brullot performed the nanoparticle multilayer experiments and interpreted the 
results. 
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Abstract 


Successful surface modification of iron oxide NP is crucial for their usage in applications. 
However, ligand exchange methods introducing siloxanes have a few drawbacks. We 
herein present a novel approach for surface modification of iron oxide NP by making 
use of siloxanes, synthesized by thiol-ene click chemistry, with protected functional 
groups. Afterwards the ligands were deprotected to liberate their functionality. This 
approach solves the issues related to ligand orientation and colloidal stability during 
surface modification. 


4.1 Introduction 


There is an increased interest in the development of iron oxide NP with customized 
surface functionalization, which can be used in magnetic storage devices, ferrofluids, 
drug delivery, contrast agents or hyperthermia applications.2° 104199171 1" Multiple 
protocols have already been published for obtaining high quality monodisperse spherical 
NP.12:14175.176 These particles are often coated with apolar alkyl chains, like oleic 
acid or oleylamine, that serve as surfactants during the synthesis. However, for most 
applications they have to be replaced by other ligands, which make the NP dispersible 
in water or introduce functional groups. This so-called ligand exchange process can 
be performed with different molecules. Polymers and phospholipid double layers 
are often used, since they are very versatile and can be easily introduced.14*1!"7 
Catechol-containing molecules are another option, but their synthesis is rather 
complicated.®°:!”°:!79 Moreover, these ligands are not covalently coupled to the surface. 
Valuable alternatives are silica or siloxane shells that are very robust and can be 
well defined. Since siloxane molecules can have functional groups, they are often the 
molecules of choice for functionalization of metal oxide surfaces.!20127147-189 However, 
these functionalities induce a few issues for iron oxide NP surface modification. Firstly, 
the colloidal stability of the NP during the modification process is crucial; if NP 
precipitate from the reaction solution this will have a negative effect on the coating 
procedure’s performance. Secondly, multiple popular functional groups (carboxylic 
acids, amines, ...) can also interact with the surface of the NP itself. This way, the 
molecule can be oriented upside-down, with the siloxane groups pointing outwards, 
which results in crosslinking and excessive layer thickness.15+!5? Another challenging 
property of siloxanes is their tendency to crosslink through the presence of small 
amounts of water or prolonged exposure to heat. This requires the reactions to be 
limited in time and influences the available workup methods. Tucker-Schwartz et 
al. reported the synthesis of siloxanes by using thiol-ene click chemistry, which can 
produce complex molecules on a large scale with minimal impurities.'45 


In this chapter, we made use of thiol-ene click chemistry to synthesize various different 
siloxanes with protected functional groups. These were introduced onto the surface 
of iron oxide NP and deprotected later on. This novel approach solves the issues of 
wrong ligand orientations and colloidal stability issues. By adopting the thiol-ene 
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click reactions; we were able to synthesize various siloxanes that are not commercially 
available, without elaborate organic synthesis steps. Initially apolar NP could be 
dispersed in an aqueous phase after coating with protected polar siloxanes and 
subsequent deprotection of their functional groups. The presented concept is generic 
and is in no way limited to the ligands that are discussed in this manuscript. 


Finally, the amine functionalized NP were used as a building block in a layer-by-layer 
synthesis of nanoparticle multilayers to prove their efficiency in these complex systems. 
Such magnetic-plasmonic nanoparticle multilayers can be used for fundamental research 
to unravel interactions at the nanoscale (magnetoplasmonics) and for applications 
in sensing, optical switching and designing optical components. To be used for such 
research, nanocomposites need to have large nanoparticle filling fractions, a minimum 
of potentially disturbing organic content and partial transparency.'S* Layer-by-layer 
nanocomposites are mainly synthesized using polymers or polyelectrolytes as ‘glue’ 
interlayers between nanoparticle layers, which inherently limits nanoparticle filling 
fractions and can introduce unwanted noise. Recently, a novel synthesis method for such 
nanoparticle multilayers was developed that uses short bifunctional molecular linkers to 
connect the subsequent nanoparticle layers.1°+ No polymers or polyelectrolytes are used 
in this method. To produce gold-magnetite nanoparticle multilayers, aminosiloxanes 
are ideal molecules as they can strongly bind to gold through the amino functionality 
and to magnetite through the siloxane moiety. 


4.2 Materials and methods 


Materials 


Allyl a-D-galactopyranoside (97%), 4-dimethylaminopyridine (DMAP, >99%), tert- 
butyl acrylate (98%), 2,2-dimethoxy-2-phenylacetophenone (DMPAP, 99%), tert-butyl 
N-allylcarbamate (98%), acrolein dimethyl acetal (98%), mercaptopropyltrimethoxysi- 
lane (95%), trimethoxy(7-octen-1-yl)silane (80%, technical grade) and trifluoroacetic 
acid (TFA, 99%) were purchased from Sigma Aldrich. S-allyl thiopropionate (99%) 
was bought from ABCR GmbH & Co. 1-thioacetic acid (98%) was obtained from 
Acros Organics. Triethylamine (99%) and tetrabutyl ammonium hydrogen sulphate 
(98%) were purchased from Janssen Chimica. Acetic anhydride (pro analysis) and 
sodium hydroxide were obtained from Riedel de Haén. All ultrasonication steps were 
performed in a Branson 5510 sonicator bath. FTIR spectra were measured using a 
Bruker Alpha FT-IR spectrometer equipped with a Platinum ATR module. CHN 
data were obtained by a CE Instruments EA-1110 elemental analyzer. 


Acetylation of allyl a-D-galactopyranoside 
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The acetylation of the sugar starts with adding allyl a-D-galactopyranoside (440 mg, 
2 mmol) to a mixture of 4-dimethylaminopyridine (12.2 mg, 0.1 mmol) and acetic 
anhydride (3.78 mL, 40 mmol). This solution was stirred overnight at a temperature of 
80°C. The resulting mixture was added to an excess dichloromethane in a separatory 
funnel and washed three times with 40 mL MilliQ water. Afterwards, the solution 
was washed with 50 mL of 1M NaOH and potassium carbonate until the pH was 
neutral. The resulting solution was dried with magnesium sulfate and filtered. The 
product (620 mg, 83 %) was obtained after removing the dichloromethane under 
reduced pressure. 'H NMR (300 MHz, CDCls): 6 (ppm) 2-2.2 (s, 12H), 4.15-4.25 (m, 
5H), 5.1-5.5 (m, 6H), 5.8-6.0 (m-1H). 


Thiol-ene click chemistry 


The synthesis of the functionalized trimethoxysiloxanes was done in a UV chamber, 
equipped with 3 LEDs (365 nm, output power 200 mW), following the method 
published by Tucker-Schwartz et al.148 All products were used in the subsequent 
nanoparticle functionalization protocol without further purification. 


Siloxane-acrylate (1) 
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For the synthesis of the siloxane-acrylate, tert-butyl acrylate (73.24 uwL, 0.5 mmol) 
was added to 3-mercaptopropyltrimethoxysilane (93 wL, 0.5 mmol), 2,2-dimethoxy- 
2-phenylacetophenone (12.8 mg, 0.05 mmol) and 0.5 mL chloroform. This mixture 
was placed next to a UV-light for 1 hour on top of a stirring plate. 'H NMR (300 
MHz, CDCls): 6 (ppm) 0.78 (t, 2H), 1.46 (s, 9H), 1.59 (m, 2H), 2.5 (t, 2H), 2.6 (t, 
2H), 2.75 (t, 2H), 3.57 (s, 9H). 


Siloxane-carbamate (2) 
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Tert-butyl N-allylcarbamate (78,6 mg, 0.5 mmol) was added to a mixture 
of 3-mercaptopropyltrimethoxysilane (93 wL, 0.5 mmol) and 2,2-dimethoxy-2- 
phenylacetophenone (12.8 mg, 0.05 mmol) in 0.5 mL chloroform. This mixture 
was placed next to a UV-light for 1 hour on top of a stirring plate. 'H NMR (300 
MHz, CDCls): 6 (ppm) 0.75 (t, 2H), 1.49 (s, 9H), 1.65 (m, 2H), 1.74 (m, 2H), 2.55 (t, 
4H), 3.2 (t, 2H), 3.57 (s, 9H). 


Siloxane-acrolein (3) 
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The synthesis of the siloxane-acrolein starts with adding acrolein dimethyl acetal (59.24 
pL, 0.5 mmol) to 3-mercaptopropyltrimethoxysilane (93 uL, 0.5 mmol), 2,2-dimethoxy- 
2-phenylacetophenone (6.4 mg, 0.05 mmol) and 0.5 mL chloroform. Secondly, the 
mixture was placed next to a UV-light for 1 hour on top of a stirring plate. 'H NMR 
(300 MHz, CDCls): 6 (ppm) 0.76 (t, 2H), 1.7 (m, 2H), 1.89 (q, 2H), 2.56 (t, 4H), 3.34 
(s, 6H), 3.57 (s, 9H), 4.5 (t, 1H). 


Siloxane-thiol-propionate (4) 
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S-allyl thiopropionate (67.5 wL, 0.5 mmol) was added to a mixture of 3-mercaptopropyl 
trimethoxysilane (93 L, 0.5 mmol) and 2,2-dimethoxy-2-phenylacetophenone (6.4 mg, 
0.025 mmol) in 0.5 mL chloroform. This mixture was placed next to a UV-light for 1 
hour on top of a stirring plate. 'H NMR (300 MHz, CDCls): 6 (ppm) 0.76 (t, 2H), 
1.18 (t, 3H), 1.7 (m, 2H), 1.85 (m, 2H), 2.56 (m, 6H), 2.95 (t, 2H), 3.57 (s, 9H). 


Siloxane-C8-thiol-acetate (5) 
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1-thioacetic acid (35.23 L, 0.5 mmol) was added to trimethoxy(7-octen-1-yl)silane 
(125.35 wL, 0.5 mmol) and 2,2-dimethoxy-2-phenylacetophenone (6.4 mg, 0.025 mmol) 
in 0,5 ml chloroform. This mixture was placed next to UV-light for 1 hour on top of a 
stirring plate. "H NMR (300 MHz, CDCls): 6 (ppm) 0.64 (t, 2H), 1.3-1.5 (m, 10H), 
1.58 (m, 2H), 2.36 (s, 2H), 2.85 (t, 2H), 3.57 (s, 9H). 


Siloxane-acetylated-sugar (6) 
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Tetra-acetyl allyl a-D-galactopyranoside (194 mg, 0.5 mmol) was added to a 
mixture of 3-mercaptopropyltrimethoxysilane (93 wL, 0,5 mmol) and 2,2-dimethoxy-2- 
phenylacetophenone (6.4 mg, 0.025 mmol) in 0.5 ml chloroform. This mixture was 
placed next to a UV-light for 1 hour on top of a stirring plate. 1H NMR (300 MHz, 
CDCl3): 6 (ppm) 0.76 (t, 2H), 1.72 (m, 2H), 1.85 (m, 2H), 2-2.2 (s, 12H), 2.56 (t, 2H), 
2.6 (t, 2H), 3.52 (t, 2H), 3.57 (s, 9H), 3.8 (m, 1H), 4.15+4.25 (t, 2H), 5.1-5.5 (m, 4H). 


Nanoparticle synthesis and functionalization 


The NP were synthesized and functionalized, following the methods described in 
chapter 2 and 3. The functionalized NP were dispersed in the appropriate solvent 
(chloroform or THF, for deprotection) with a concentration of 5 mg/mL. 


Deprotection of the functional group 


The deprotection of the functionalized particles can be divided in two different methods. 
The first method includes the deprotection of the tert-butyl acrylate (1), tert-butyl 
N-allylcarbamate (2) and the acrolein dimethyl acetal (3) with a 1:1 mixture of 
trifluoroacetic acid (TFA) and dichloromethane. Secondly, grinded sodium hydroxide 
and tetrabutyl ammonium hydrogen sulphate were used to deprotect the thiopropionate 
(4), the thioacetate (5) and the tetra-acetyl a-D-galactopyranoside (6), as reported 
by Crouch et al. with minor modifications.'*° 
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TFA/CH,Cl, 


5 mg functionalized particles (in CHCl3, 5 mg/mL) were added to a flask with 1.5 
mL dichloromethane and 2.5 mL trifluoroacetic acid. The flask was put on a shaker 
overnight at room temperature. The particles were then magnetically separated and 
washed three times with acetone. Finally the NP were stored in MilliQ water, with a 
concentration of 5mg/mL. 


Grinded NaOH /Bu,NHSO, 


For the deprotection with grinded NaOH and BuzNHSOu, 1 mg functionalized particles 
(in THF, 5 mg/mL) were mixed with grinded NaOH (16 mg, 0.4 mmol), BuaNHSO4 
(3.2 mg, 0.08 mmol) and 1 mL tetrahydrofuran. The resulting solution was placed 
in the ultrasonication bath for 5 hours. Afterwards, the particles were magnetically 
separated and washed three times with THF and acetone. Finally the NP were stored 
in MilliQ water, with a concentration of 5 mg/mL. 


Layer-by-layer 


Nanoparticle multilayers incorporating gold and amine-functionalized magnetite NP 
on glass substrates were synthesized as published elsewhere.'** Briefly stated, first gold 
NP with a size of approximately 9.2 nm and a strong plasmon resonance centered on 
530 nm were produced using an aqueous citrate reduction procedure.!®® Synthesis of 
the nanoparticle multilayers started by cleaning glass microscope slides (16x16 mm2) 
with NoChromix cleaning solution (7 g/100 mL NoChromix in MilliQ water, add 100 
mL sulfuric acid 97%) for 1 h. These cleaned substrates were then functionalized 
with amino propyl trimethoxy silane (1 vol% in MeOH, 1 h) and rinsed with MeOH 
and water. A first metal nanoparticle layer was added by putting the functionalized 
substrate in 10 mL of a metal NP dispersion while shaking (350 rpm) for 1.5 h and 
rinsing with water and MeOH afterwards. By putting the sample in 10 mL of a 0.4 
mg/mL dispersion of functionalized iron oxide NP in MeOH for 1 h, a layer of these 
NP could be added on top of the gold nanoparticle layer. After rinsing the sample 
with methanol and water, adding extra nanoparticle layers was possible by repeating 
the previous steps. 


4.3 Results & Discussion 


Methodology 


To rule out unwanted interactions between the functional group of siloxane molecules 
and the surface of the iron oxide NP, we developed a strategy that involves the synthesis 
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Figure 4.1: Six different siloxanes, with protected groups, were synthesized by click 
chemistry for subsequent introduction on the surface of iron oxide NP. Later on, the 
ligands were deprotected to make the desired functional group available. This results 
in free carboxylic acids (1), amines (2), aldehydes (3), thiols (4, 5) or sugars (6) on 
the surface of the nanoparticle. All experimental information can be found in the 
supporting information at the end of this chapter. 
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of protected siloxanes and their subsequent deprotection after surface functionalization 
(see Figure 4.1). This method has a three major advantages: first, it protects functional 
groups that can interact directly with the surface, like carboxylic acids (1) or amines 
(2).181-183,187,188 Hence, only the siloxane side of the molecule can interact with the 
surface of the nanoparticle, which ensures proper directionality. Secondly, groups 
that would not survive the functionalization procedure in the ultrasonicator (such as 
aldehydes) can be introduced (3). They would hydrolyze, by the presence of water at 
elevated temperatures. Thirdly, it is possible to introduce functionalities that provide 
insufficient colloidal stability (due to polarity) during the functionalization step, like 
thiols (4, 5) or sugars (6). The ligand exchange reaction was performed in toluene, 
since this solvent has the perfect water content (0.3-0.4%) for silanization reactions.'*? 
Unfortunately, this method is limited to siloxanes that dissolve properly in toluene 
and provide sufficient colloidal stability to the nanoparticle. Our approach eliminates 
the restrictions due to polarity of the ligands, because most protective groups, such 
as tert-butyl esters, are apolar (see Figure 4.1). The apolar groups stabilize the 
particle in toluene, which improves the functionalization by keeping the nanoparticle 
in dispersion (avoiding precipitation). 


To our knowledge, none of the siloxanes shown in Figure 4.1 is commercially available, 
so we opted for the straightforward approach of thiol-ene click chemistry to synthesize 
the different compounds. Because this click reaction is fast and gives high yields, side 
reactions of the trimethoxy groups are limited.'®! Multiple different molecules with 
an allyl functionality are readily available since they are vinyl-monomers, which are 
often used in polymerization reactions. 
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Figure 4.2: The transfer from the organic (lower phase) to the aqueous phase (upper 
phase) is clearly visible after the deprotection of the ligands on the NP. 
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Deprotection of all ligands was achieved by typical protocols with minor modifications, 
more specific the duration of the reaction.'®° Similar to dendrimer chemistry, long 
reaction times are necessary to ensure that full deprotection has occurred.'®! This is 
caused by the limited rotational freedom of the ligands and the corresponding steric 
hindrance. Therefore, we prolonged the TFA and sodium hydroxide deprotection 
protocols to 16 and 5 hours respectively. The deprotection reaction for compounds 4, 5, 
6 was performed in an ultrasonicator, which raises the temperature to approximately 
55°C and improves the solubility of all reagents. Figure 4.2 shows the phase transfer 
that occurs after the ligands are deprotected. After the initial ligand exchange, the NP 
are apolar and hence they only disperse in the bottom organic phase. The successful 
introduction of the ligands on the surface is supported by FTIR measurements (data 
in supporting information at the end of this chapter). The characteristic peaks of 
the different functional groups are clearly visible in the spectra of the NP samples. 
After deprotection, the NP become polar and can be dispersed in the upper aqueous 
phase. Since no particles are visible in the organic phase after deprotection, we 
can conclude that the polarity of the particles has switched from apolar to polar, 
indicating a successful deprotection. CHN analyses also supported the deprotection 
of the functional groups (data in supporting information at the end of this chapter, 
Table 4.1). However this approach is no guarantee for colloidal stability of the NP 
in the aqueous phase. Aldehydes (3) and thiols (4, 5) possess no charges (or can 
form disulfide bridges) in a pH range between 4 and 10 and they are therefore very 
susceptible to precipitation. This is visible in Figure 4.2 as a slightly turbid aqueous 
phase. 


NP with charged carboxylic acids and amines are often used in nanotoxicity experiments 
to test the effect of the surface charges on the cellular uptake.'’ Thiol-coated NP, on 
the other hand, are valuable for their interaction with noble metals, like gold or silver. 
Sugar molecules are biocompatible; which makes these sugar-coated NP interesting for 
biomedical applications. Unlike typical sugar-containing polymers like dextran, the 
presented approach results in a very thin surface layer, with a directional bonding.'% 
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Figure 4.3: Due to plasmon hybridization the plasmon resonance broadens and 
red-shifts with each added nanoparticle double layer (NDL). The absorbance at 
maximal intensity increases linearly with the number of added nanoparticle layers, 
demonstrating that the layer-by-layer procedure was successful (inset). 


Nanoparticle multilayers 


To demonstrate their efficiency in more complex systems, amine-functionalized iron 
oxide NP, together with gold NP were incorporated in nanoparticle multilayers. To 
produce gold-magnetite nanoparticle multilayers, amino-siloxanes are ideal molecules 
as they can strongly bind to gold through the amino functionality and to magnetite 
through the siloxane moiety. Such multilayers, in which nanoparticle layers are layer- 
by-layer constructed through short molecular linkers, have large nanoparticle filling 
fractions and interesting linear, nonlinear and magneto-optical properties.'** They 
can be applied for research into e.g. plasmon influenced (magneto-) optical effects and 
active plasmonics through magnetism. 


When adding multiple gold and magnetite nanoparticle layers, the plasmon resonance 
of gold NP broadens and red-shifts due to plasmon hybridization (see Figure 4.3).'** 
The linear increase of the absorbance at maximal intensity demonstrates the success 
of the layer-by-layer process. In contrast to previously used amine-functionalized iron 
oxide NP, the NP presented in this work are monodisperse and have a well defined 
surface functionalization. This is an asset for layer-by-layer processes as it might 
improve packing of subsequent nanoparticle multilayers. 
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4.4 Conclusions 


We developed a new approach for efficient functionalization of iron oxide NP by using 
protected siloxanes as ligands. Six different protected ligands, with a large variety of 
functional groups (including carboxylic acids, amines, thiols, aldehydes and sugars), 
were prepared by thiol-ene click chemistry and subsequently introduced onto the 
surface of the NP by a ligand exchange reaction. By protecting the functional group, 
a directional bonding of the ligand on the iron oxide surface was ensured. Moreover, 
this approach allows the introduction of very polar or reactive functional groups. 
After deprotection of these groups, all samples were dispersible in aqueous solutions, 
indicating a successful surface functionalization. To highlight the potential of the NP, 
they were incorporated in nanoparticle multilayers, a very promising material where 
well-defined surface properties are crucial. 


4.5 Supporting information 


FTIR spectra of synthesized compounds 


This section combines all FTIR spectra of the synthesized protected siloxanes. These 
spectra serve as a reference for subsequent nanoparticle functionalization. 
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Figure 4.4: Spectrum of allyl a-D-galactopyranoside and the acetylated end-product. 


The broad OH vibrations at 3200-3500 cm™' are clearly replaced by the ester peak at 
1720 cm~*. 
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Figure 4.5: Spectrum of the tert-butyl acrylate and the siloxane-acrylate (1) end- 
product. Characteristic peaks of this product are the Si-O vibration at 1100 cm7? 
1720 cm™". 
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Figure 4.7: Spectrum of the acrolein dimethyl acetale and the siloxane-acrolein (3) 
end-product. 
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Figure 4.8: Spectrum of the siloxane-thiol-propionate (4) compound.  S-allyl 
thiopropionate was not measured because of its odor and the related safety issues. 
Characteristic peaks of this product are the Si-O vibration at 1100 cm~’ and the ester 
peak at 1720 cm™?. 
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Figure 4.9: Spectrum of the siloxane-C8-thiol-acetate (5) compound. 1-thioacetic acid 
was not measured because of its odor and the related safety issues. Characteristic 
peaks of this product are the Si-O vibration at 1100 cm~’, the ester peak at 1720 
cm! and the C-H vibrations at 2920-2930 cm~?. 
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Figure 4.10: Spectrum of the tetra-acetyl allyl a-D-galactopyranoside and the siloxane- 
sugar (6) end-product. Characteristic peaks of this product are the Si-O vibration at 
1100 cm~' and the ester peak of the four protective acetyl-esters at 1720 cm™?. 
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FTIR spectra of functionalized nanoparticles 


This section shows all spectra of the protected siloxanes and the NP samples, 
functionalized with those protected siloxanes. In all spectra, a substantial overlap 
between both spectra can be observed, indicating a successful functionalization of the 
NP. Characteristic vibrations of iron oxide can be seen at 580-620 cm~! (Fe-O). 
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Figure 4.11: Spectrum of siloxane-acrylate (1) functionalized iron oxide NP. 
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Figure 4.12: Spectrum of siloxane-carbamate (2) functionalized iron oxide NP. 
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Figure 4.13: Spectrum of siloxane-acrolein (3) functionalized iron oxide NP. 
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Figure 4.14: Spectrum of siloxane-thiol-propionate (4) functionalized iron oxide NP. 
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Figure 4.15: Spectrum of siloxane-C8-thiol-acetate (5) functionalized iron oxide NP. 
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Figure 4.16: Spectrum of siloxane-acetylated-sugar (6) functionalized iron oxide NP. 


‘H-NMR spectra of synthesized compounds 


In this section, all ‘H-NMR spectra of the synthesized protected siloxanes are shown. 
The peaks of the double bond (5.0-6.5 ppm) disappear after the click chemistry, 
indicating a successful reaction. Due to safety restrictions, the precursors for the 
protected thiol siloxanes (4, 5) were not measured. We refer the reader to a 
manufacturer’s website, where these spectra can be found. 


S-allyl thiopropionate: http://www.sigmaaldrich.com/catalog/product /aldrich/w332909 


1-thioacetic acid: http://www.sigmaaldrich.com/catalog/product /aldrich/t30805 
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CHN analysis derived data 


Table 4.1: Comparison of the weight percentage of surface groups on the functionalized 
nanoparticle. After deprotection, the overall percentage lowers, since carbon and 
hydrogen atoms are removed in this process. The thiol ligands (4, 5) show an opposite 
trend, but this can be attributed to the formation of thiolate-tetrabutylammonium 
ion pairs (caused by deprotection process and sample preparation), hence largely 
increasing the carbon content. Even though a similar deprotection protocol is followed 
for the sugar ligand (6), this effect is absent here since no ion pairs can be formed. 





Sample name (Fe3O,-ligand) Surface group w% (protected) Surface group w% (deprotected) 





Fe304-1 24.98 9.12 
Fe304-2 43.30 12.66 
Fe304-3 20.68 15.59 
Fe304-5 23.99 37.15 


Fe304-6 62.34 38.32 





Chapter 5 


Design of nanoparticles for 
efficient magnetic isolation of 
aquatic pathogens 


Selective magnetic purification by nanoparticles 





This chapter is based on the following publication with minor modifications: 


Antibody-modified iron oxide nanoparticles for efficient magnetic isolation and flow 
cytometric determination of L. pneumophila 

Bloemen M, Denis C, Peeters M, De Meester L, Gils A, Geukens N and Verbiest T 
Microchimica Acta 2015; accepted 


C. Denis prepared the cell cultures and performed the DNA extraction and qPCR 
experiments. M. Peeters provided assistance during the antibody purification process. 
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Abstract 


Multifunctional nanoparticles are becoming increasingly important since they combine 
interesting properties like fluorescence, magnetism or plasmonic effects. We designed 
a superparamagnetic nanoparticle that is capable of selectively separating targeted 
bacteria from an aqueous solution. By covalently functionalizing the surface of 
the particle with a heterobifunctional polyethylene glycol ligand, functional groups 
for antibody coupling were introduced. Polyclonal antibodies, targeting Legionella 
pneumophila bacteria, were coupled to the particles and these bioconjugates were 
tested for their magnetic separation properties. Flow cytometry measurements showed 
high efficiency in this regard. Furthermore the targeted bacteria were purified from 
a complex mixture of microorganisms. The results indicate that the presented 
multifunctional nanoparticles are capable of selectively attracting pathogens from 
a complex mixture, with a high efficiency, which can be of great interest for pre- 
concentration protocols in water quality monitoring. 


5.1 Introduction 


Tron oxide NP have become popular since they were applied in various fields like 
MRI, hyperthermia or drug delivery carriers.4°°171:173:199:1%4 For most applications, 
magnetite (Fe3O0.) is the preferred species of iron oxide, because of its interesting 
magnetic properties.2° If the NP size ranges between 5 and 25 nm, they exhibit 
superparamagnetic behavior. This is highly valuable because it combines the large 
magnetic moment of a ferromagnetic material, with the convenient handling of 
a paramagnet, which has no net moment without an external magnetic field.!% 
Consequently these NP are excellent materials for performing magnetic separation of 
target ions, molecules or cells from solution.!°* 1°8 However two more properties of 
the material are crucial for these applications: their colloidal stability in the medium 
and their selectivity towards the target. To achieve the first requirement, multiple 
solutions have been reported. Typically the surface of the NP is coated with a 
polymer, silica or organic ligands, to introduce functionalities and improve its colloidal 
properties.*"'44'79-'99 Recently we reported a strategy to efficiently functionalize the 
surface of iron oxide NP with a heterobifunctional PEG ligand and couple Ab to 
this layer.?°° Depending on the target: organic ligands, Ab or nanobodies with a 
high affinity can be introduced to acquire selective targeting.1°%19°70! 2 Xu et al. 
reported that these NP-Ab bioconjugates can help in the separation of cancer cells 
from blood.!®* However, to our knowledge, no references are present in literature of 
studies describing a full cell separation study with multiple cell detection techniques. 
In this manuscript we focus on the magnetic separation of Legionella pneumophila 
serogroup 1 bacteria from aqueous solutions. These gram-negative bacteria are a wide- 
spread problem in cooling towers, air-conditioning systems, fountains and showers.?°6 
They are known to cause the Legionnaires’ disease or legionellosis, a serious form of 
pneumonia.?°’ Their detection is mandatory in all publicly accessible water system, 
like swimming pools, but also in cooling circuits and wastewater. Different methods, 
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such as filtration, centrifugation or immunomagnetic isolation by microparticles, are 
currently available to separate these bacteria from their aqueous environment for 
subsequent quantification.°%?°% 71° However all these methods have some specific 
drawbacks. Filtration has a profound influence on cell viability and centrifugation is 
less appropriate for large volumes. Moreover these methods are not target specific; 
so all organisms are retained, including possible inhibitors that might complicate 
further quantification. Immunomagnetic isolation by microparticles is target specific, 
but the efficiency is low and cell damage might occur due to the localized excessive 
magnetic forces.?!° After isolation, quantification of the bacteria can be performed 
by traditional plate counting or quantitative real-time polymerase chain reactions 
(qPCR). Even though the culturing method is still considered as the standard, it is very 
time-consuming and inconvenient. qPCR is substantially faster but is very susceptible 
to inhibitors, such as metal salts, surfactants or polysaccharides.*! In comparison 
to microparticles, the proposed NP have a more than 100 times larger surface to 
volume ratio, which allows binding more Ab to the nanoparticle’s surface. Moreover 
more particles can interact with the cells, resulting in a larger net magnetic moment, 
hence lowering separation time. On top of that, the magnetic forces are more evenly 
spread across the cell’s surface, which will increase the amount of intact organisms 
that can be collected. In this manuscript we report the design of a functionalized iron 
oxide (Fez3O4) nanoparticle with customized PEG ligands and Ab. These particles 
were tested extensively on their ability to specifically attract and separate Legionella 
pneumophila serogroup 1 bacteria from an aqueous solution. To underline the efficiency, 
the targeted bacteria were also separated from a mixture of bacteria (L. pneumophila 
and Escherichia coli). Negative control experiments reported in literature often make 
use of NP without a targeting ligand (f.i. an antibody). The recent scientific discussions 
about protein coronas have shown that the interaction between the nanoparticle’s 
surface and another entity is largely dependent on its coating.°? Therefor we opted 
for a negative control composed of iron oxide NP, conjugated with a non-Legionella 
targeting antibody (targeting murine PAI-1). 


5.2 Materials and methods 


Materials 


Allyl-PEGi0-OH was obtained from Polysciences, Inc. DMPAP (99%), DMAP 
(99%), EDC, succinic anhydride (99%) and mercaptopropyltrimethoxysilane (95%) 
were purchased from Sigma Aldrich. NHS (98+%) was purchased from Alfa Aesar. 
Triethylamine was obtained from Janssen Chimica. MES was purchased at Fluka. All 
ultrasonication steps were performed in a Branson 5510 sonicator bath. 
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Antibody purification 


“New Zealand White” rabbits were immunized with Legionella pneumophila serogroup 1 
and murine PAI-1.?!” After collecting the serum, the full IgG fraction was purified using 
protein A ProSep beads.?!* These polyclonal fractions were used without additional 
enrichment towards the target protein and denoted as Ab that target L. pneumophila 
(pAb Leg) and Ab that target murine PAI-1 (pAb mur PAI-1; negative control). 


Synthesis of the ligands, nanoparticles and functionalization 
procedure 


The heterobifunctional PEG ligand was synthesized as described in Chapter 3.?°° 
Allyl-PEGio0-OH (1.1 eq, 4.00 mmol, 1.992 g) was mixed with succinic anhydride (1.1 
eq, 4.40 mmol, 440 mg) and 4-dimethylaminopyridine (DMAP) (0.02 eq, 0.08 mmol, 
9.7 mg). This mixture was stirred and heated to 50°C for 16 hours. The product (2) 
was purified twice by precipitation in cold diethyl ether, centrifugation and drying 
in vacuum. ‘H NMR (300 MHz, CDCls): 6 (ppm) 2.65 (s, 4H), 3.55-3.75 (m, 38H), 
4.02 (d, 2H), 4.26 (t, 2H), 5.15-5.32 (m, 2H), 5.85-5.95 (m, 1H). ‘*C NMR (75 MHz, 
CDCls): 5 (ppm) 29.2, 29.5, 63.8, 68.9, 69.3, 70.5, 72.2, 117.1, 134.7, 172.1. MS 
(chemical ionization): m/z = 499, 101. 


To introduce the siloxane onto the heterobifunctional PEG molecule, allyl-terminated 
PEG (1 mmol in total, mixture of modified (0.1 mmol) and unmodified (0.9 mmol)) 
was mixed with (3-mercaptopropyl) trimethoxysilane (1 eq, 1 mmol, 185.7 wL) and 
2,2-dimethoxy-2-phenylacetophenone (DMPAP, 0.05 eq, 0.05 mmol, 12.8 mg). This 
mixture was stirred during 1 hour in a UV reactor, equipped with 3 LEDs (365 nm, 
output power 200 mW). The product (3) was used without further purification. 1H 
NMR (300 MHz, CDCls): 6 (ppm) 0.76 (t, 2H), 1.70 (m, 2H), 1.85(m, 2H), 2.55 (m, 
4H), 2.64 (s, 4H), 3.57 (s, 9H), 3.55-3.75 (m, 40H), 4.26 (t, 2H). The synthesis of 
iron oxide NP and coating their surface with siloxanes was performed as described 
in Chapter 2 and 3.7°°?"4 In general, 1 mmol of siloxanes was mixed with 100 mg 
of FezO4 NP in 50 mL of toluene. To this mixture triethylamine (2.5 mL) and 50 
uL of water were added. The solution was placed in an ultrasonication bath for 5 
hours, after which 50 mL of heptane was added to precipitate the particles (dispersion 
becomes turbid). Afterwards, they were attracted magnetically and washed 3 times 
with acetone. Finally the particles were dried in vacuum and dispersed in MilliQ water 
(with a concentration up to 20 mg/mL). 


Antibody coupling 


The concentrated nanoparticle solution was diluted in 50 mM MES buffer, pH 5.5, to 
reach a final concentration of 3 mg/mL. 0.75 mg EDC and 0.75 mg NHS was added 
to 1 mL of this solution and shaken for 20 minutes to activate the carboxylic acids. 
The antibodies (75 ug) were diluted in 2 mL of the same MES buffer after which 
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both solutions were mixed and shaken for 1 hour. To separate the particles from the 
solution, a Miltenyi Biotech MS magnetic column was used. After rinsing the column 
with MilliQ water, the nanoparticle dispersion was loaded onto the column, which was 
placed inside a circular NdFeB magnet. The column was washed 2 times with 1 mL 
of sodium phosphate buffer (20 mM, pH 7). To elute the particles, the column was 
removed from the magnet and 0.5mL of phosphate buffer and subsequently 0.5 mL of 
MilliQ were used as eluent. 


Bacterial strains and growth conditions 


Recombinant strains of E. coli and L. pneumophila serogroup 1 expressing the red 
fluorescent protein (RFP) and green fluorescent protein (GFP) genes respectively, 
were used to test strain specificity and efficacy of the iron oxide nanoparticles. The 
transformed bacteria were cultivated in the presence of appropriate antibiotics (10 wg 
of kanamycin/mL for RFP and 5 yg/mL chloramphenicol for GFP) to ensure plasmid 
maintenance. Briefly, Legionella bacteria were cultured by standard procedures at 
a temperature of 37°C on buffered yeast extract agar containing a-ketoglutarate 
(BCYE-a) supplemented with L-cysteine and ferric pyrophosphate.?!° EF. coli bacteria 
(LMG2092T, RFP labelled and kindly given by Prof. N. Boon, UGent, Belgium) were 
grown in Luria broth (LB) medium supplemented with kanamycin (10 mg/mL) and 
incubated overnight at 30°C. 


Magnetic separation of bacteria 


Separate L. pneumophila and E. coli solutions were prepared by spiking Ringer’s 
Solution (Oxoid) with scraped bacteria from the culture plates following the preparation 
of 10-fold dilution series. In general, 4 different concentrations of Legionella bacteria 
(1E7, 1E6, 1E5 and 1E4 cells/mL) were tested in either monospecies suspensions or 
mixed suspensions with added E. coli bacteria. In general, 300 wL of each bacteria 
solution was mixed with 250 wL of NP solution (0.5 mg NP). Then, this mixture was 
placed on a rotator at room temperature for 1 hour and afterwards separated by a 
magnetic column. The supernatant was collected and the column was washed with 1 
mL of MilliQ water. To elute the NP and bacteria, the column was removed from the 
magnet and 1 mL of MilliQ was used as an eluent (see Figure 5.3 B-C). 


Flow cytometry 


Cell numbers of L. pneumophila and E. coli were determined by flow cytometry using 
an Attune®@Acoustic Focusing Cytometer (Life Technologies, Gent, Belgium) equipped 
with a 488 nm laser, a forward scatter (FSC) diode detector, and a photomultiplier 
tube (PMT) SSC detector. The instrument was checked for stable fluidic alignment 
using Performance tracking beads (Life Technologies). Bacterial fractions expressing 
GFP and RFP fluorescence were detected using, respectively, the BL-1 (530/30 nm) 
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and BL-3 (640 LP) detector. The different fractions of the separation experiment were 
fixed with 4% paraformaldehyde (PFA) and were diluted 100-fold. The collection rate 
of the instrument was 25 L/min and a total of 50 uL was analyzed per sample. 


Quantitative PCR 


For the specific detection of L. pneumophila, a TaqMan qPCR designed by P. Declerck 
and J. Behets was used.?!° DNA was extracted using the QIAGEN DNeasy Blood 
& Tissue Kit. The primers were based on the macrophage infectivity potentiator 
(mip) gene and were: LPQF (5’-TTCATTTGYTGYTCGGTTAAAGC) and LPQR 
(5’°-AWTGGCTAAAGGCATGCAAGAC). The mip-specific TaqMan probe was 5’- 
GCGCCACTCATAG labeled with a 6-carboxyfluorescein (FAM) reporter dye at the 
5’ end and a non-fluorescent quencher at the 3’ end. The probe was conjugated to a 
minor groove binder (MGB) to improve real-time PCR specificity and sensitivity. 
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Figure 5.1: The synthesized iron oxide (magnetite) nanoparticles are 8.640.6nm in 
size and are spherical. 
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Figure 5.2: The allyl-PEGio molecule is modified first by an anhydride ring opening 
on the hydroxyl group, resulting in a carboxylic acid group. Secondly the allyl group 
is used in a thiol-ene click chemistry reaction to attach the siloxane. 


5.3. Results & Discussion 


Synthesis and characterization of the bioconjugates 


The procedure to synthesize the nanoparticles was carefully selected for its ability 
to produce particles at a large scale with good monodispersity.!? Even though these 
characteristics are not strictly necessary for magnetic separation experiments, it 
does improve the reproducibility of surface functionalization and antibody coupling. 
The iron oxide nanoparticles (magnetite, Fez3O.4) that were prepared are 8.6 nm 
wide in diameter, with a narrow size distribution of 0.6 nm (see transmission electron 
microscopy data, Figure 5.1). The large scale at which these nanoparticle are produced 
(>10 grams) ensures that batch-to-batch differences during experiments can be fully 
excluded. 


Even though the functionalization of iron oxides is a well-known research topic, multiple 
recent advances have been reported.'”* We choose siloxane surface chemistry in this 
regard, since it provides the particles with several important properties. First of all, 
the ligand coating is covalently attached to the surface, which improves its resistance to 
the environment, merely extreme pH, heat or high ionic strength. Secondly, the ligand 
can be designed with a specific application in mind. In this case, a PEG backbone was 
preferred for its excellent solubility in aqueous environments. Moreover, the ligand 
was altered to have one functional carboxylic acid end-group, which concentration 
on the nanoparticle can be tailored by mixing with unaltered ligands. As shown in 
Figure 5.2, the ligand is prepared by a two-step reaction involving an anhydride ring 
opening reaction and a thiol-ene click chemistry reaction. The latter is very convenient 
for siloxane chemistry since it occurs fast and without notable side reactions. The 
product can be used without any further purification, which reduces the chance of 
cross-linking and hydrolysis of the siloxane group. 


The presence of a carboxylic acid group on the ligand implies that pH will have an 
influence on the charge of the functionalized nanoparticle. To reduce this potential 
issue, the modified ligand was mixed with unmodified ligands (siloxane-PEG 9) during 
the nanoparticle functionalization procedure. A fixed ratio of 10% modified to 90% 
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unmodified ligands was maintained throughout the experiments. Since the subsequent 
coupling to antibodies will use the present functional groups to form amide bonds, 
the influence of pH will be limited, which is necessary to ensure colloidal stability in 
complex environments (such as buffer solutions). 


After functionalization of the NP’ surface, Ab were covalently coupled onto their 
carboxylic acid groups. A well-known EDC-NHS approach was preferred for its 
reproducibility and simplicity.8? One major drawback of this method is the non- 
directional bonding that occurs. Since a protein contains multiple free amines, the 
orientation of the protein can hardly be controlled. Hence a high percentage of the Ab 
will lose their activity because of a non-optimal orientation (as shown in Figure 5.3 
A). The polyclonal Ab used in this study are the whole IgG fraction of leporine serum, 
derived from L. pneumophila immunized rabbits. This IgG usually contains 1 to 5% 
of target specific Ab. It is technically possible to purify this further to a monospecific 
polyclonal fraction, but this is very time consuming. Moreover, the target species are 
bacteria, which makes the purification even more complex. It would require a column 
coated with whole L. pneumophila bacteria, not just membrane proteins, to ensure 
that no epitopes would be ignored. Therefore, in this study, the full IgG fraction was 
used during the coupling experiments, maximizing the range of targeted epitopes. We 
argue that the gain of having monospecific polyclonal Ab is small if the bonding is 
non-directional anyway. A directional (but much more complex) bonding strategy 
could definitely profit from this on the other hand.5?:?!” 


Magnetic isolation results 


The bioconjugated iron oxide NP were added to monospecies spiked L. pneumophila 
solutions (1E7, 1E6, 1E5 and 1E4 cells/mL) and incubated for 1 hour while rotating 
the test tubes. No precipitation was observed, which is a strong indication that the 
custom functionalized surface is coping well with the complex environment and is 
keeping the particle colloidally stable. The dispersion was loaded onto a magnetic 
column (inside a circular magnet) and the supernatant was collected. After a washing 
step, the column was removed from the magnet and eluted to collect the nanoparticle- 
bacteria complexes. This fraction was split to perform all different characterization 
techniques. 


Flow cytometry was selected as the main characterization technique because of its 
ability to quantify fluorescently labeled bacteria with high accuracy. Since the L. 
pneumophila strain was labeled with a GFP marker, detection and quantification was 
straightforward. The results show that as expected the type of antibody, coupled 
to the nanoparticle, has a profound influence on the magnetic separation behavior. 
Table 5.1 shows the amount of bacteria found in the different fractions that were 
magnetically separated from an initial solution of 5E6 bacteria per milliliter. The 
presence of Ab targeting the bacteria clearly has a positive influence on the separation 
capabilities of the NP. In the supernatant of the negative control (pAb mur PAI-1), 
the concentration of cells is more than 150 times higher. While the opposite can be 
seen in the NP-cell fraction, where the negative control performs more than 10 times 
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Figure 5.3: Schematic overview of the cell separation procedure. First, the 
functionalized NP were conjugated to the corresponding Ab via an amide bond, 
induced by EDC-NHS coupling chemistry (A). Secondly, L. pneumophila solutions were 
prepared (B), which were brought into contact with the NP and magnetically separated 
(C). Finally, the different collected fractions were characterized by flowcytometry and 
qPCR (D). 


worse. Moreover, the final fraction is underestimated by the flow cytometer, since 
small clusters of bacteria are formed after interaction with NP. Hence multiple cells 
are shown as one event only. Experimental data revealed that the underestimation is 
approximately a factor 2-3 (see supporting information, Figure 5.5). The background 
of the flow cytometer, used in these experiments, is approximately 3E3 cells/ml; this 
number was not subtracted from the experimental values, since this was a systematic 
error and the influence on the end results is minimal. However, due to this substantial 
background signal, the limit of detection is limited to 10* cells/mL. Using other 
quantification techniques can drastically improve this limit of detection. An overview 
of different purification methods and their respective recoveries can be found in the 
Supporting information, Table 5.3. These results show that the NP are capable of 
selectively capturing target bacteria from an aqueous solution, even though the Ab 
are coupled non-directionally and are not monospecific. 


To further underline the capabilities of the functionalized NP, a separation experiment 
was performed on a mixed set of bacteria. This would give information about the 
specificity of the NP and the behavior of the negative control. In an experiment 
with only one bacterial species present, the negative control will always detect this 
bacterium, albeit aspecifically, since no other targets are present. By carefully selecting 
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Figure 5.4: The separation capabilities of the nanoparticles are still active in a mixed 
bacteria environment. L. pneumophila bacteria (GFP-labeled) were mixed with E. coli 
bacteria (RFP-labeled) at a 65/35 ratio (1.4E5/7.4E4 cells/mL). The flow cytometry 
measurements show that the RFP-labeled E. coli bacteria remain in the supernatant 
fraction of the pAb Leg coated NP (upper row), while the L. pneumophila bacteria 
are present in the NP-cell fraction. The negative control NP (pAb mur PAI-1, bottom 
row) show a different behavior: both species are visible in the supernatant fraction, 
with only minor presence in the NP-cell fraction. 
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Table 5.1: The type of antibody has a profound influence on the magnetic separation 
behavior. This dataset was measured by flow cytometry, based on 3 replicates. A 
large amount of the bacteria is present in the supernatant (SN) of the negative control 
(NP-pAb mur PAI-1), while the final fraction (NP-cell elution) in comparison only 
contains a few percent. The opposite can be seen for the bioconjugates that target L. 
pneumophila (NP-pAb Leg): a small number of cells can be found in the supernatant, 
while a large number is present in the final fraction. The ratio of the two types of 
conjugates is presented to clarify the difference. The full data set can be found in the 
supporting information (Table 5.2). 





Collected cells/mL Supernatant Washing step NP-cell elution 








NP-pAb Leg 1.164 (2.3%) 5.063 (1.1%)  4.4E5 (96.6%) 
NP-pAb mur PAI-1 —1.9E6 (82.7%) 3.5E5 (15.5%) — 4.0E4 (1.1%) 
Ratio 0.0057 0.014 il 





the two different bacteria (L. pneumophila GFP-labeled and E. coli RFP-labeled), 
we were able to discriminate them in the FCM plots and investigate the overall 
performance. Figure 5.4 summarizes the data of these experiments. The FCM plots of 
the supernatants are shown in the left column, while the NP-cell fractions are shown 
in the right column. The washing steps were omitted for clarity. In the nanoparticle 
samples coated with pAb Leg (upper row), only a minor presence of L. pneumophila 
in the supernatant is shown, while a high concentration is present in the NP-cell 
fraction. FE. coli on the other hand stays in the supernatant and is hardly present 
in the NP-cell fraction. We noticed a small leak of green fluorescence into the red 
fluorescence detector, which accounts for a significant portion of the visible dots in the 
red ellipse. Keeping this background in mind, more than 90 percent of the bacteria 
were successfully separated. Nevertheless, this clearly underlines the target-specific 
magnetic separation that is occurring. In the negative control samples (bottom row), 
both bacterial species are mainly present in the supernatant, but only minimally in the 
NP-cell fraction. We can therefore conclude that the negative control nanoparticles 
only interact aspecifically with the bacteria, as expected. 


The presented nanoparticle platform is capable of selectively attracting bacterial 
species from a complex mixture. Moreover the ligand design is straightforward and 
thanks to the usage of siloxanes, the ligand is covalently bound to the surface of 
the NP. Even though the coupling of Ab is non-directional, this did not hamper the 
properties of the NP. The selection of polyclonal Ab as targeting moieties broadened 
the range of epitopes to which the NP could attach. The magnetic separation strategy 
strongly reduces the presence of surfactants or metal ions that are present in complex 
environments, which are known inhibitors for sensitive quantification techniques like 
qPCR.?!*:219 We believe that this proof of concept can be translated to a wide 
series of diagnostic applications as a fast and efficient pre-concentration step. Future 
experiments will optimize the antibody coupling and make use of monospecific Ab to 
further enhance the efficiency of the system. 
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5.4 Conclusions 


Superparamagnetic iron oxide NP were functionalized with a heterobifunctional 
polyethylene glycol ligand and subsequently bioconjugated with Ab. The ligand has a 
siloxane moiety on one end and one carboxylic group, introduced by an anhydride 
ring opening, on the other end. We used thiol-ene click chemistry for the siloxane 
modification, since this type of reactions is fast and gives high yield without side 
reactions. After surface functionalization of the NP, Ab were coupled to the surface. 
These bioconjugates were added to L. pneumophila bacteria and after magnetic 
separation, the different fractions were investigated by flow cytometry and qPCR. 
An enrichment of bacteria was visible in the eluted fraction of the column, showing 
that the nanoparticle efficiently interact with the targeted species. The negative 
control showed a more than 10-fold lower enrichment, caused by aspecific adsorption. 
Moreover, the targeted species were also attracted from a mixture of bacteria, where a 
similar enrichment was obtained. These results indicate that the surface functionalized 
bioconjugates can be used for magnetic separation of bacteria from complex solutions, 
with great efficiency, even though the Ab are coupled non-directionally. 
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5.5 Supporting information 


Table 5.2: Summary of all flow cytometry data, measured on the different sets of 
spiked samples. All values have as unit: cells/mL. The different Ab, coupled to the NP, 
are shown as: +, pAb Leg; -, pAb mur PAI-1. The flow cytometer underestimates the 
amount of cells in the NP-cell fraction, since small clusters of cells are formed, that are 
only counted as one event. The apparatus has a background signal of approximately 
3E3 counts, but this value was not subtracted from the results since it is a systematic 
error. 





Reference SN + SN - Wash + Wash- NP-cell + NP-cell - 





sample 1 5.8E+4 7.0E+3  6.8E+3 7.8E+3 6.4E+3 1.9E+4 9.0E+3 
sample 2 5.0E+4 6.0E+3 9.8E+3 5.4E+3 8.8E+3 1.9E+4 7.6E+3 
sample 3 4.3E+4 6.4E+3 1.1E+4 6.4E+3 8.8E+3 2.1E+4 1.1E+4 





average 5.0E+4 6.5E+3 9.2E+3 6.5E+3 8.0E+3 2.0E+4 9.2E+3 


Reference SN + SN - Wash + Wash- NP-cell + NP-cell - 





sample 1 5.1E+4 6.6E+3 2.1E+4 4.2E+3 1.1E+4 1.8E+4 1.1E+4 
sample 2 5.6E+4 7.8E+3  3.0E+4 1.3E+4 8.4E+3 1.8E+4 1.0E+4 
sample 3 4.6E+4 7.8E+3  3.0E+4 6.6E+3 1.1E+4 2.6E+4 8.2E+3 





average 5.1E+4 7.4E+3 2.7E+4 8.1E+3 1.0E+4 2.1E+4 9.8E+3 


Reference SN + SN - Wash + Wash- NP-cell + NP-cell - 











sample 1 3.9E+5 4.2E+3  2.0E+5 4.0E+3 3.6E+4 4.6E+4 7.0E+3 
sample 2 4.5E+5 1.0E+4 2.0E+5 3.0E+3 3.4E+4 5.0E+4 8.8E+3 
sample 3 4,2E+5 3.2E+3 = 1.8E+5 4.0E+3 2.9E+4 4.3E+4 1.2E+4 





average 4.2E+5 5.8E+3 1.9E+5 3.7E+3 3.3E+4 4.6E+4 9.3E+3 


Reference SN + SN - Wash + Wash- NP-cell + NP-cell - 
sample 1 4.5E+6 2.0E+4 1.8E+6 3.8E+3 3.0E+5 3.7E+5 3.1E+4 
sample 2 4.4E+6 6.2E+3  1.9E+6 5.8E+3 3.2E+5 4.6E+5 5.4E+4 
sample 3 4.3E+6 5.8E+3  1.9E+6 5.4E+3 4.4E+5 4.9E+5 3.5E+4 
average 4.4E+6 1.1E+4 1.9E+6 5.0E+3 3.5E+5 4.4E+5 4.0E+4 
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Figure 5.5: Comparison of flow cytometry and qPCR data of the NP-cell fractions. 
Since the FCM underestimates the amount of cells due to possible cluster formation, 
DNA data were collected as comparison. All values have as unit: cells/mL. The 
different antibodies, coupled to the nanoparticles, are shown as: +, pAb Leg; -, 
pAb mur PAI-1. The FCM data (green and red curve) clearly show the detection 
limit of the apparatus at lower cell concentrations and the underestimation at higher 
concentration. However, the ratio of magnetically separated cells by the different 
NP-Ab conjugates remains similar regardless the detection technique. 


Table 5.3: Comparison of different pre-concentration methods for L. pneumophila and their respective quantification methods. 
An improvement of immunomagnetic separation over centrifugation and filtration is clearly visible. Individual cases are difficult 
to compare since many parameters influence the overall detection efficiency. The quantification method has a profound influence 
of the limit of detection, with qPCR being considerably better than FCM. For a complete review of bacterial separation methods, 
we direct to reader to a very complete review by Stevens et al.?2° Abbreviations: FCM, flow cytometry; EFM, epifluorescent 
microscopy; qPCR, quantitative polymerase chain reaction 























Method Recovery (percentage) Reference Quantification method Sample 
Centrifugation 13.8 (3.800 x g) 221 Cell cultures Spiked tap water 
31.9 (8.150 x g) 221 Cell cultures Spiked tap water 
10.7 (12.000 x g) 222 FCM Metalworking cooling fluids 
13.5 (12.000 x g) 222 EFM Metalworking cooling fluids 
43 (3.800 x g) 223 PCR Spiked tap water 
49 (8.150 x g) 223 PCR Spiked tap water 
Filtration 52.6 (flat membrane) 221 Cell cultures Spiked tap water 
13.1 (cast membrane) 221 Cell cultures Spiked tap water 
55-81 223 PCR Spiked tap water 
Immunoseparation 12.7 (Dynabeads) 222 FCM Metalworking cooling fluids 
29.7 (Dynabeads) 222 EFM Metalworking cooling fluids 
46-71 (Dynabeads) 210 qPCR Distilled water 
16-74 (Dynabeads) 210 qPCR Potable water 
7-89 (Dynabeads) 210 qPCR Cooling tower water 
57-96 (nanoparticles) this work FCM Spiked distilled water 
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Chapter 6 


Conclusions and outlook 


6.1 Conclusions 


Multifunctional iron oxide NP have already shown tremendous potential in a wide 
range of applications. From a biomedical point of view, their biocompatibility and 
low toxicity are important assets. Besides their usage in medical imaging techniques, 
such as MRI, drug delivery and hyperthermia are important fields of current research. 


In this dissertation, the development of a reliable, low cost and modular nanoparticle- 
based magnetic separation platform was the main purpose. Three crucial material 
properties were identified beforehand and served as the basis for the design of the 
functional nanomaterial platform. (1) The synthesis of the core nanoparticle should 
be reproducible, scalable and low cost. A reduction of batch-to-batch differences 
was considered the main goal in this regard. (2) Functionalization of the surface of 
the nanoparticle should be performed by a covalently attached ligand to enhance 
to robustness of the final nanomaterial. (3) The colloidal stability of nanoparticles 
in complex environments is often an issue which might negatively influence the 
applicability. A heterobifunctional ligand that enhances the colloidal stability and has 
a group for subsequent coupling is required. 


Chapter 2 focused on the synthesis and functionalization of iron oxide NP, with 
special attention to the characterization of the core material. A synthetic procedure 
for the large scale synthesis of the core nanoparticle was selected from the abundantly 
available protocols in literature. More specifically, the method reported by Park et 
al., based on the thermal decomposition of iron(III+) oleate, is capable of producing 
high quality magnetite NP at an ultra large scale (up to 20-40 grams).'* However, 
the nanoparticle’s surface is coated by oleic acid after the synthesis, which is a very 
apolar molecule that is not easily replaced by another ligand. Due to the absence 
of reliable surface functionalization methods in scientific literature, a new procedure 
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was developed that is still one of the fastest available methods for covalent surface 
modification of oleic acid-coated NP by trialkoxy silanes. The use of an ultrasonication 
bath largely reduced the reaction time, by efficiently removing the initial ligand while 
keeping the particles separated spatially. A wide range of siloxanes was tested and 
the results showed that the proposed protocol is capable of introducing multiple 
different varieties onto the iron oxide particles. Moreover the colloidal stability of the 
functionalized NP was tested in complex environments, such as serum and plasma. 
The non-charged PEG and positively charged carboxylic acids showed an incredible 
stability during several days, which was very promising for further development. 


After the successful development of the functionalization procedure, the research was 
focused onto the required heterobifunctional PEG ligand. Even though thousands of 
different siloxane molecules are commercially available, no ligand with all preferred 
properties (heterobifunctional based on PEG) is available. Chapter 3 describes the 
design and synthesis of the envisioned molecule that incorporates a siloxane at one end, 
a well-defined PEG chain and a single functional group at the other end. Since the 
modification of native PEG (with 2 hydroxyl groups) would be a less-favourable choice, 
an allyl-PEG-OH backbone was bought that allows a straightforward modification. 
The hydroxyl group at the end was used for a ring-opening reaction of succinic 
anhydride, that resulted in the formation of a carboxylic acid. The allyl group on the 
other side was attached to siloxane moiety by using thiol-ene click chemistry. This 
approach made it possible to produce the ligand at a large scale, with minimal reaction 
steps. As stated before, an elaborate synthetic protocol would largely reduce the 
applicability due to cost issues. To prove the added value of the developed ligand, Ab 
were covalently coupled to the carboxylic acid groups and their surface concentration 
and activity was investigated. The results indicated that the coupling of proteins 
resulted in the formation of an almost perfect monolayer, with minimal cross-linking. 
Furthermore, the Ab still retained their properties, which was investigated by SPR 
experiments, that showed an enhanced interaction with an Ag-coated fiber. 


The complex interaction between ligands (with multiple functional groups) and metal 
oxides surfaces can result in a wrongful orientation or unwanted side reactions. To 
provide a general solution to this (commonly ignored) issue, a strategy was developed 
that is based on surface functionalization with protected functional siloxanes and 
subsequent deprotection on the nanoparticle. In Chapter 4 we show that this approach 
allows to functionalize the surface of iron oxide nanoparticles with different functional 
groups, such as amines, carboxylic acids, aldehydes, thiol or sugars. This elegant 
and easy method can be transposed onto virtually any (complex) ligand and might 
drastically enhance the quality of surface modifications of metal oxide surfaces in 
general, even though we showed the methodology on iron oxide NP. 


Finally the applicability of the developed heterobifunctional ligand was tested 
thoroughly in a magnetic separation experiment with a high social relevance. Polyclonal 
Ab (full IgG fraction) were covalently coupled to the magnetic NP to make them target 
specific. More detailed, Legionella pneumophila bacteria were selectively magnetically 
purified from an aqueous environment. The results indicate that a very high efficiency 
can be achieved, even though the covalent coupling with the antibody is non-directional 
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and the Ab are not monospecific. A substantial aspecific signal (10%) was observed in 
the negative control experiment. To further investigate this potential issue, the target 
was separated from a mixture of two bacteria, L. pneumophila and E. coli. Flow 
cytometry measurements indicate that the target-specific NP are capable of selectively 
attracting a single type of bacteria. The negative control on the other hand showed 
no specificity, which is expected for aspecific interactions. 


The results, presented in this dissertation, show that a nanoparticle-based platform 
was developed, that is capable of selectively targeting a bacterial species in complex 
environments. We believe that the cost-effective nature and simplicity of the design 
will enhance the broad applicibility of the presented methodology. 


6.2 Outlook 


Even though we succeeded to develop a fully working magnetic separation methodology, 
several enhancements could improve the overall performance. The following section 
will focus on the fine-tuning of the presented approach, as well as other applications 
that could be developed from the core nanomaterial. 


The most apparent modification that could improve the selectivity of the NP are 
the selected Ab and the method of covalent coupling. The latter is performed via 
a non-directional amide bond, that results in a potential loss of activity of the Ab 
since the antigen binding region can be blocked sterically. A few methods have been 
reported in scientific literature that are able to bind Ab directionally onto a surface. 
Well-known examples are the use of protein A or G as an intermediate layer. These 
proteins have a strong affinity for the Fc fragment of the antibody, which forces 
the Fab region to point outwards (see Section 1.6). Another option comprises the 
chemical modification of the antibody itself, either via a tag, or via the oxidation and 
modification of the inner carbohydrates. However Abraham et al. have shown that 
this could alter the affinity of the antibody, which could have a negative influence on 
the envisioned application.®° 


Besides the method of covalent coupling, the properties of the ligand itself could also 
have an influence on the separation efficiency. It has been reported by Stefanick et 
al. that the length of the linker molecule has a large effect on the rotational freedom 
of the coupled proteins.?2+??° They determined that the optimal length of a PEG 
linker was between 6 and 18 monomers. If the chain is too short, the functional group 
is buried in the stabilizing layer and hence cannot bind an antibody. If the chain 
becomes too long, the PEG chain can sterically hinder the association of the antibody 
to its antigen. A shorter linker will probably have a more linear conformation, which 
will allow some rotational freedom but will still present the antibody correctly to the 
surrounding environment. The optimal linker length will also be influenced by the size 
of the NP, since it alters the final surface area and consequently the size of the protein 
corona. Furthermore this surface area will influence the aspecific adsorption behavior 
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of proteins and contaminants in the surrounding medium. It is therefor recommended 
to perform a thorough evaluation of a range of linker lengths and coupling chemistries. 


The selection of Ab could definitely improve the performance of the presented NP. If 
the polyclonal Ab would be purified to monospecific polyclonal Ab, a 20-fold increase 
in the selectivity could be obtained. The full IgG fraction is expected to contain only 
1-5% of useful Ab. However, this upgrade would only make sense if the coupling 
procedure is improved first. The use of monoclonal Ab would ensure a high affinity, 
but they only target one epitope. In complex water samples this single type of epitope 
might not be accessible (due to pH, contaminants, ...), resulting in a potential loss of 
efficiency. Hence the usage of monospecific polyclonal Ab, targeting a broad range of 
epitopes, is regarded as the best option for future development. 


When looking further into the production costs of the proposed product, it is clear 
that the development (and production) of Ab has the largest influence on the final 
price. The PEG-coated iron oxide NP have a raw material cost of less than 10 
euro/gram. The Ab on the other hand are far more expensive. Taking the radius of 
the nanoparticle and its coating into account, it can be estimated that 10-15 Ab could 
be coupled on each nanoparticle (by an ideal directional coupling of the Fc fragment 
onto the surface). 


For polyclonal Ab, the production is fast and the costs are rather low. It can be 
estimated that a batch of NP, coated with non-monospecific polyclonal Ab, would 
cost approximately 1,000 euro/gram. Keeping in mind that only a few milligrams 
are needed for each separation, this is an interesting option. However, the batch size 
of polyclonal Ab is limited (approximately 25 mg, since they are collected from the 
blood of an animal), so batch to batch differences can be expected. This limits the 
long-term applicability, but it can be sufficient for niche markets. If the polyclonal 
IgG fraction is purified further to a monospecific batch, we estimate that the price 
increases by at least a factor 10, but this depends largely on the concentration of 
monospecific Ab in the initial batch (usually 1-5%). 


For monoclonal Ab, the initial development is slow and the costs are high (10,000 
euro for creating the hybridoma cell lines). However the production can be scaled 
up (>100 mg), which significantly lowers the overall price per milligram of Ab. We 
estimate that the price of the product (NP-mAb) is 3,000-4,000 euro/gram. Even 
though this is more expensive than the polyclonal version, it is a better long-term 
option because all Ab are identical and their affinity is guaranteed. To extend the 
range of recognized and targeted epitopes, different monoclonal Ab can be mixed. 


On the applications side, a wide range of opportunities is available. Thanks to the 
excellent colloidal stability of the NP in complex environments, such as waste water 
or blood, a logical next step would be their application in water quality monitoring or 
biomedical research. Since the properties of collected environmental water samples can 
be very diverse in terms of pH or ionic strength, the robustness and enhanced colloidal 
stability of the developed nanoparticles could be very advantageous. Detection of 
multiple different organisms (Salmonella spp., E. coli or Vibrio cholerae) is mandatory 
by law in different parts of the world and hence has a large market potential. The 
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proposed method of magnetic pre-concentration can be combined with almost any 
detection technique. 


The selective purification of proteins (rather than bacteria) could also be of great 
interest. The targeting moiety in this regard could still be an antibody, but also a 
minor modification of the PEG ligand to introduce a different functional group could 
be an option. By using the strategy shown in Chapter 4, very complex ligands can be 
introduced onto the nanoparticle’s surface. 


In contrast to the diagnostic applicability, imaging is a very important future research 
domain. If the functional coating of the particles is enhanced by the addition of 
a dye, the resulting fluorescent signal will enable a straightforward localization in 
cells or tissue. Multiple approaches are possible in this regards: attaching the dye 
directly to a modified PEG ligand or developing a siloxane version of the required dye. 
Combined with the selective targeting by antibodies this could be a very valuable 
imaging approach. 


Similarly, the iron oxide NP show a strong MRI response, which could be exploited 
further by the addition of dyes or Ab, to produce for instance a tumor-targeting 
bimodal contrast agent. It has been reported that doping the core nanoparticle with 
atoms such as cobalt or zinc can largely enhance the MRI contrast. In this context, 
the possible toxicity of the magnetite NP should be tested thoroughly. Even though 
they are FDA (US Food and Drug Administration) approved and their toxicity is 
expected to be low, every new surface coating or dopant atom could trigger negative 
effects in in-vivo situations. 


In conclusion, the presented functionalized nanoparticles have a tremendous 
applicability in various biomedical areas, which will lead to many future research 
projects. 


Appendix A 


Selected experimental 
techniques 


A.1 Enzyme-linked immunosorbent assay (ELISA) 


During an immune response, the concentration of Ab is of crucial importance (next 
to the specificity, isotype and affinity). Determination of the concentration of Ab or 
Ag can be done by an immunoassay. One of the most used formats is called ELISA. 
It was developed by the Swedish researchers Perlmann and Engvall, in 1971.?°° The 
technique exist in multiple variations, but is generally based on the concept of an 
antigen binding to its specific antibody in combination with an enzyme-mediated color 
change to detect the presence of proteins, peptides, hormones or Ab.2?” The following 
section will give an overview of the different possible approaches (see Figure A.1). 


The key principle of ELISA is the direct or indirect detection of an antigen by coating 
it directly onto the surface of the well, or by coating an antibody with high affinity 
for the antigen to the well. For a direct ELISA (ee Figure A.1) the well is coated with 
the sample, that has to be analyzed. Typically a blocking solution of noninteracting 
proteins is added as an intermediate step, to block uncoated areas. Finally a labeled 
antibody, with high affinity for the antigen, is added, that induces the colorimetric 
change. An indirect ELISA follows the same approach, but uses an unlabeled primary 
antibody first. By addition of a secondary label anti-antibody, the quantification is 
possible. The main disadvantage of this approach (direct and indirect) is that the 
immobilization of the antigen is not specific. Any other proteins in the sample might 
adhere to the well and interfere with the assay.??° 


The overcome this issue, the sandwich ELISA was developed. Now an antibody with 
affinity for the target is coated onto the wells. After addition of the sample and 
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Figure A.1: Overview of the different types of ELISA. 


sufficient washing, a labeled antibody can be used for the colorimetric quantification 
reaction. The antigen is sandwiched between the two Ab, hence the name of the 
technique. The purity of the sample is less important in this regard, which simplifies 
the assay. 


A fourth ELISA approach is based on competition between the antigen in the sample 
and antigens coated onto the wells. First an antibody is added to the sample, which 
will capture the antigens. If this solution is added to the well, the excess Ab will bind 
to the well, but not the ones that already interacted with the target in the sample. 
Absence of color indicates the presence of the antigen for this approach. The main 
advantage is that the technique is very sensitive even in complex mixtures.?” 
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Figure A.2: Example of an ELISA well plate. Dilution series are made in the vertical 
direction to improve the concentration determination. 


In this dissertation, the Ag to be quantified was an antibody. Its target was coated on 
the plate (e.g. PAI-1, see Chapter 3). The sample containing Ab towards PAI-1 was 
applied. A secondary labeled antibody targeting the Ab was added and a colorimetric 
reaction was started. Standard curves on the 96-well plate were used to deduct the 
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concentration from the absorbance measurement of the colored solutions (see Figure 
A.2), 


A.2. Flow cytometry (FCM) 


Cytometry is defined as the measurement of physical and chemical characteristics 
of particles or cells. In FCM, these cells or particles pass through a narrow channel 
which separates them, so discrete signals can be measured. The obtained scattering 
and fluorescence data allow to study multiple different types of cells at the same time. 
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Figure A.3: The principle of FCM is based on the illumination of a focused stream 
of sample by a laser source. The forward and side scattering, as well as the different 
fluorescent signals are detected. The inset shows a typical graph with different cell 
populations. 


Two types of signals are usually recorded during FCM measurements: scattering 
and fluorescence. The fluorescence signal can originate from labels or dyes and is 
often used to identify certain types of cells. By separating the signal into different 
wavelength regions (blue, green, red, ...), cell types or populations can be differentiated 
(see Figure A.3). The scattering signal is usually split into two parts, the forward 
and side scattering. The forward scattering is caused by the scattering of light by the 
surface of the cells and is roughly proportional to the cell size. Hence small cells will 
have low values, while large cells will have high values. The side scattering on the 
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other hand gives more information about the structural complexity inside the cell and 
the granularity.?7° 


In this dissertation, FCM was used to quantify bacteria in the different fraction 
we obtained after magnetic isolation, see Chapter 5. Even though a substantial 
background signal limited the detection limit, the technique is able to discriminate 
between different populations of bacteria, which was a strong asset for the magnetic 
isolation experiments. 


A.3 Quantitative polymerase chain reaction (qPCR) 


During a polymerase chain reaction which relies on thermal cycling, DNA is copied at 
an exponential rate. Figure A.4 shows the process of DNA amplification. The double 
stranded DNA is heated until the hydrogen bonds are disrupted and the two strands 
separate, which is called melting. Afterwards the temperature is lowered to enable the 
primers (short DNA fragments) to bind to the strands. Note that they bind at the 
5’ (phosphate group) end of the single strand and will extend at their 3’ (hydroxyl 
group) end. The polymerase enzyme will now extend the strand to obtain the initial 
double stranded DNA. Since the amount of DNA is doubled in every step, one can 
obtain large amounts of DNA in a short amount of time. The selectivity of PCR is 
related to the use of specific primers that specifically bind to the targeted region in 
the DNA. Multiple inhibitors, such as metal ions, surfactants or polysaccharides can 
interfere with the reaction and their removal is crucial to obtain good PCR results.”!" 


qPCR or realtime PCR (not to be mistaken with reverse transcriptase PCR (RT-PCR) 
which amplifies RNA) is based on the general PCR reaction but uses a fluorescent 
signal to quantify in situ the amount of present DNA. This can be achieved by using 
non-specific intercalating dyes or target-specific fluorescent-labeled probes. A very 
often used, inexpensive and easy to use non-specific dye is SYBR Green, that will bind 
to double stranded DNA molecules. However, it can also bind to primer-dimers and 
contaminations, hence overestimation of the DNA concentration can occur. Target- 
specific alternatives are TaqMan probes or molecular beacons. The first consist of a 
fluorescent marker and a quencher in the same probe. During DNA amplification, 
the probe is cut by the polymerase enzyme, releasing the fluorescent marker from 
the quencher and generating a signal. The molecular beacons are hairpin-like probes 
where the fluorophore and quencher are in close proximity. When the probe binds to 
the target DNA, the fluorophore is distantiated from the quencher which results in a 
fluorescent signal.?!1:229,29° 


The fluorescent signal of the DNA amplification is generally plotted (logarithmic) 
against the number of cycles. A threshold level is set above the background, but still 
in the linear part of the curve (amplification is exponential). The cycle number at 
which an amplification plot crosses this threshold fluorescence level is called the C; or 
threshold cycle. This C, value can be correlated to the initial concentration of DNA 
in the sample. A large amount of starting material will result in a rapid amplification 
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Figure A.4: During a PCR cycle, double stranded DNA is melted at elevated 
temperatures to obtain two single strands. After primer annealing, the extending 
process elongates the strand, until a double stranded DNA molecule is obtained. This 
process is repeated multiple times until concentration is sufficient for quantification. 


and a small C; value. A small amount on the other hand will take much longer to 
reach the threshold level and hence more cycles are required, increasing C;. Standard 


curves are used to correlate the threshold cycle to the initial DNA concentration. 
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Health, safety and 
environment 


During the experiments, conducted for this dissertation, all health and safety guidelines 
and regulations from the HSE department of the KU Leuven were implemented. Risk 
analyses and proper waste management were evaluated before every experiment and 
were submitted to the appropriate channels. 


The following sections will summarize several specific cases where special precautions 
should be taken. 


Nanoparticle synthesis by thermal decomposition 


As stated in Chapter 2, the synthesis of iron oxide NP by the thermal decomposition 
methods is conducted at elevated temperatures, above 300°C. Special personal 
protection equipment, such as heat resistant gloves, should be worn when manipulating 
the reaction at this stage. Furthermore the reaction is known to produce COz gas, 
which can cause a pressure buildup in the system. It is advised to keep the setup well 
ventilated and allow the excess pressure to escape. Finally, it is necessary to allow the 
hot mixture to cool down to room temperature before the purification is started. 


Nanoparticle toxicity 


The scientific community is still debating whether or not NP are toxic. Since a general 
consensus has not been achieved so far, every nanoparticle system is being evaluated 
separately. In the case of iron oxide, a clear difference has been observed between the 
toxicity of the core and the different coatings. 


Bare iron oxide is known to generate reactive oxygen species by the Fenton reaction, 
during which hydrogen peroxide is turned into hydroxyl (HOe) and hydroperoxyl 
(HOO¢e) radicals. These radical species can easily induce damage to proteins or DNA 
which can result in a decline in physiological function and cell death.?9? 24 
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The coating of a nanoparticle has a profound influence on the toxicity towards cells 
and tissue. PEG-coated particles generally perform well during toxicity tests, showing 
only a minor decrease in cell viability.??°:?°° Mahmoudi et al. reported that particles 
with carboxylic acids show lower toxicity than amine-coated NP, but the effect is 
largely dependent on the cell type. Yu et al. wrote that the size of the nanoparticle 
and even the type of study (2D versus 3D) can have an influence on the observed 
toxicity.?" Therefor it is advised to perform a complete toxicology study before in vivo 
experiments are conducted. Based on the available literature the expected toxic effects 
are small, but the lack of general consensus and understanding of the phenomenon 
requires that every type of nanoparticle is tested separately. 


During the presented experiments, the particles were always manipulated in solution, 
to reduce any risks of dust formation and inhalation. Secondly, appropriate personal 
protection equipment, such as gloves, were worn at every step. 


Legionella pneumophila 


The KB of August 04, 1996 states that Legionella pneumophila is a class 2 pathogen 
and should be handled accordingly in a class 2 lab. A full risk analysis should be 
made before the start of the experiments and exposure should be minimized at all 
times. Moreover, proper disinfection of equipment (for instance with ethanol) was 
performed. 
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